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Researches for Contact Point between Fluid Dynamics,
Computational Fluid Dynamics and Engineering
Hiroshi TOKUNAGA, Mechanical & System Eng. Dept., Kyoto Inst.Tech., Matsugasaki, Sakyo-ku, Kyoto 606-8585

The research works of the present author are reviewed. The begining of turbulence research is about compressible fluid and then extended
to transition and drag reduction by making use of higher order accurate difference method and LES. The vorticity-stream function method,
which is used in theoretical research, as well as vorticity-vector potential method, is extended in order to study flows with engineering
importance which are associated with multi-element airfoil, journal bearing, lobe pump, natural thermal convection, viscous micropump

and micropump on silicon wafer.
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Fig. 1: Time history of skin friction on channel walls
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Fig. 2: Scematic view of transverse riblet
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Fig. 3: Time history of total drag

Fig. 4: Vorticity contours on channel walls and mid

span
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Fig. 7: Unstrucured triangular grid along multi-element

airfoil

MT=360DWHHHDEHIZTFIVADTNV—TDE
B RIC 5T 5 12~03)

5. Ry THHEBOBEY I 2L —3 3 y~DInH
FREOFHFENZ, ENEOFGEFH 21Tz 5 2 & T,

THERELRRY THHENEHR) SN TE DL, BRI

A2 7 OO~ (WA E 9 1IRT, T

T=3.6
Fig. 8: Streamlines of flow along airbus multi-ele-

ment airfoil (left:present and right Guermond and

Quatrapelle)

Fig. 9: Overset grid for lobe pump
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Fig. 15: Stream lines in viscous micropump
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Fig. 16: Micropump on silicon wafer by Ahn et al.
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Fig. 17: Analytical slide grid around rotor
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ADER High-Order Schemes for Evolutionary PDEs:
a Brief Review

E. F. Toro, C. E. Castro and M. Dumbser
Laboratory of Applied Mathematics
Department of Civil and Environmental Engineering
University of Trento, Italy

Abstract. We give an overview of the ADER approach for constructing numerical schemes of
arbitrary order of accuracy in space and time, for solving evolutionary partial differential equations.

1 Introduction

Most of the current experience with ADER methods relate to non-linear hyperbolic systems of
balance laws

%Q+0:F(Q) +9,G(Q) + 0-H(Q) = 5(Q) , (1)

where Q is the vector of unknowns, F(Q), G(Q), H(Q) are prescribed flux functions and S(Q)
is the vector of source terms (stiff or non-stiff). Recent work extends the ADER methodology to
solve non-linear reaction-diffusion equations, which in one space dimension read

9, Q(x,t) = 0 (o, 1, Q(x,1))0,Q(x, 1)) + S(Q(z, 1)) , (2)

where Q(z,t) is the unknown of the problem, a(z,t,Q(x,t)) is a prescribed diffusion coefficient
and S(z,t,Q(x,t)) is a reaction (source) term.

The ADER approach can be implemented in two major existing frameworks: finite volumes and
discontinuous Galerkin finite elements. In the finite volume framework the ADER approach con-
tains three main steps, namely (i) a non-oscillatory spatial reconstruction using cell averages, (ii)
solution of high-order Riemann problems at the interface to define the numerical flux, and in the
presence of source terms, (iii) evaluation of a volume integral to high accuracy in space and time
to define the numerical source.

The reconstruction problem can be viewed in different ways. The simplest is that in which solutions
do no include large spatial gradients or discontinuities and one can use fized-stencil, or linear,
reconstructions. For problems involving large gradients and shocks one must use non-linear, or
solution adaptive, reconstructions. Here one must make the distinction between structured and
unstructured meshes.

Preliminary results on the ADER approach are found in [29] for linear problems on structured
meshes. Further developments of the approach are reported in [30], [26], [25],[21], [15], [22], [16]

Sect. 2 discuses the high-order Riemann problem, Sect. 3 shows some examples and Sect. 3 draws
some conclusions.

2 The High-Order Riemann Problem

We assume that an appropriate spatial reconstruction method from cell averages is in place. For this
we recommend the recently proposed WENO procedure [6], [7]. Then, at each interface, there will
be a discontinuity surface. To determine the numerical flux we require the solution, as a function
of time, at each integration point. For this we need to solve a high-order Riemann problem. Here
we first state the mathematical problem and then briefly review existing methods to compute the
solution at the interface, as a function of time.

This document is provided by JAXA.


http://stage.tksc.jaxa.jp/library/report/files/SP-07-016.pdf#2

FHITZEHT TR B R R A B JAXA-SP-07-016

Classical Riemann Problem

A q(xao)
qL
dr
x=0 X
\ [
/
/
/
/
QL / QR
/
x=0 X

Figure 1: The classical Riemann problem for a typical 3 x 3 non-linear homogeneous system. Top
frame: initial condition at ¢ = 0 for a single component ¢ of the vector of unknowns Q. Bottom
frame: structure of the similarity solution in the z — t plane.

2.1 The mathematical problem

The high-order Riemann problem (often called the Generalized Riemann Problem, or the Derivative
Riemann Problem) is the initial-value problem

PDEs: 0,Q+ 0, F(Q)=S(Q), z € (—0c0,00), t>0,
Qr(z) if <0, (3)

1C: z,0) =
Q(0) {QR(SC) it z>0.

The partial differential equations (PDEs), with source terms, are assumed to be a general system
of hyperbolic balance laws. The initial condition (IC) consists of two vectors Qr,(z) and Qr(z),
the components of which are assumed to be smooth functions of x, with K continuous non-trivial
spatial derivatives away from zero. We denote by DRPy the case in which the initial conditions
in (3) consist of polynomials of degree at most K. The case DRPy corresponds to the classical
piece-wise constant data Riemann problem, associated with the first-order Godunov scheme [10].
Similarly, case DRP; corresponds to the piece-wise linear data Riemann problem, or the so-called
generalized Riemann problem (GRP), associated with a second-order method of the Godunov type

18], |34, (1], |3], |128].

Fig. 1 depicts the classical Riemann problem DRPy for a typical 3 X 3 homogeneous non-linear
system. The bottom frame of Fig. 1 depicts the structure of the corresponding solution in the x —¢
plane; characteristic curves are straight lines. We note however, that the solution of the Riemann
problem with piece-wise constant data but with source terms does not have a similarity solution
and cannot be represented as in Fig. 1 (bottom frame).

Fig. 2 illustrates the high-order Riemann problem DRPy; the top frame depicts the initial condi-
tion for a single component ¢; data consists of two smooth vectors separated by a discontinuity at
the origin. The bottom frame of Fig. 2 depicts the corresponding structure of the solution in the
x —t plane. Now characteristics are no longer straight lines. Compare Figs. 1 and 2.

For numerical purposes it is sufficient to find the solution of (3) at the origin z = 0 and for ¢ > 0,
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Derivative Riemann Problem

, (x,0)
qr(x)

Figure 2: The Derivative Riemann Problem for a typical 3 x 3 non-linear system. Top frame: initial
condition at t = 0 for a single component ¢ of the vector of unknowns Q. Bottom frame: structure
of the solution on the x — ¢ plane.

as a function of time, denoted by Qpr(7) in Fig. 2.

To construct high-order numerical methods of the ADER type of (K + 1)-th order of accuracy in
both space and time it is sufficient to find the solution Qrr(7) of (3). The corresponding intercell
numerical flux results from evaluating the integral

At
Pin=; [ FlQua(r)dr. @

where At is the time step of the scheme.

2.2 olvers for the High-Order Riemann Problem

Here we very briefly review four existing solvers for the high-order Riemann problem.

2.2.1 The Toro-Titarev solver

The method proposed by Toro and Titarev [30], [32] first expresses the solution Qrr(7) at the
interface x = 0 as the power series expansion in time

Tk

K
Qur(r) = Q(0,0,) + Y [37Q(0,04)] 77 - (5)

k=1

The leading term Q(0, 0. ) is found by solving a conventional (non-linear) Riemann problem using
as data the extrapolated values from left and right in (1). The higher-order terms require the

determination of the coefficients 8,@Q(O, 04). This part includes the following steps: (a) use the

Cauchy-Kowalewski procedure to express all time derivatives 8§k)Q(0,0+) as functions G®*) of
spatial derivatives, namely

Q. = 6® (aPQ.00q,....oMq) (6)
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(b) solve classical linear Riemann problems for the spatial derivatives 83(31)Q to determined the ar-
guments of G*) which then give the coefficients 8§k)Q(O, 04). This solution technique for DRPy
reduces the problem to that of solving K + 1 classical homogeneous Riemann problems, one (gen-
erally non-linear) Riemann problem to compute the leading term, and K linearized Riemann prob-
lems to determine the higher order terms. See [7] for details on a subroutine for performing the
Cauchy-Kowalewski procedure for the three-dimensional Euler equations.

2.2.2 The Harten-Engquist-Osher-Chakravarthy (HEOC) solver

The Harten-Engquist-Osher-Chakravarthy (HEOC) solver results from a re-interpretation of the
high-order method of [11], see [2] for details. This method first evolves in time the initial conditions
by developing power series expansions in time on each side of the interface, namely

QL(1) = QL(0 )+Zk 1 [ t (0—70)]
) ) (7)
Qr(1) = Qr(04) + i, { ; Q(0+70)} vl

The Cauchy-Kowalewski procedure then allows the use of the PDEs in (3) to express all time
derivatives in (7) as functions of space derivatives and of the source terms, as in (6). The spatial
derivatives are calculated as the limiting values from left and right, at ¢ = 0, of the spatial derivatives

of the initial conditions, denoted as Q(k)( -), Qg)(O,). Then

Q0,0 = a¥ (Q0).Q0).....Q (0))

Q(04,0) = G® (Q(04),Q(04)....,Q (04))

are determined and thus the expansions (7) are determined at any time ¢ = 7.

Finally one defines the solution of the DRP (3) at the interface z = 0, at time ¢t = 7 as QLr(7) =
D(7,0), where now D(7,z/(t — 7)) is the similarity solution of the classical, homogeneous Riemann
problem

PDEs: 0,Q+0,F(Q)=0
Qu(r) if x<0, (9)
Q(z,0) =14 . '
Qgr(r) if x>0.
Note that here D(7,2/(t — 7)) depends on the parameter 7.

ICs:

Fig. 3 gives an interpretation of the HEOC solution method for the DRP (3). At time ¢t = 0 one
performs a series expansion in time on the limiting values of the data left and right of the interface
(circles). Via the Cauchy-Kowalewski method one evolves the data in time on each side of the
interface, to produce time-evolved states Qr(7) and Qr(7), at any chosen time ¢ = 7 (rhombuses
in Fig. 3). These (constant) states at ¢ = 7 form the initial conditions for a classical Riemann
problem, as depicted on the top part of Fig. 3 by the self-similar wave pattern. The sought solution
is that given by (9), which is constant along the t-axis associated with the self-similar wave pattern.
As the method applies to any time 7 one has a time-dependent solution Qpr(7) at the interface.

We remark that, just as in the Toro-Titarev solver [30], the HEOC solution method applies to
in-homogeneous non-linear conservation balance laws. The influence of the source term enters via
the Cauchy-Kowalewski method, in which the source terms enter the coefficients in (7), (8). But
note that at no point in the method it becomes necessary to solve Riemann problems, explicitly
accounting for the influence of the source terms.
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Figure 3: Hlustration of the HEOC Derivative Riemann Problem solver. The limiting values of
the initial data from left and right (circles) are time evolved separately to any time 7 (rhombuses).
The desired solution results from solving the classical Riemann problem with these evolved states
as data.

2.2.3 The Castro-Toro solver

The sought solution at the interface is again expressed as in (5), with the leading term computed as
in the Toro-Titarev solver. To compute the higher order terms we solve time-derivative Riemann
problems, that is, for any index £ > 0 we compute 8t(k)Q(0,,O) and 8,5(k)Q(O+,0) as in (8). To
find 8§k)Q(0,0+) right at the interface one solves the classical linearized homogeneous Riemann
problem

PDEs: & <8t(k)Q(a:, t)) + AP 9, <a§k>Q(x, t)> —o0,

o™ Q(0_,0) if z<0, (10)

ICs: oM Q(z,0) = "
9,"Q(0,,0) if z>0.

The similarity solution is denoted by T*)(z:/t) and the sought value is

aMQ(0,04) = T®(0) . (11)

2.2.4 The Dumbser-Enaux-Toro (DET) solver

An alternative solver for the high-order Riemann problem has recently been proposed by Dumbser
et al. [8]. This is an entirely numerical solver. Here, instead of using the Cauchy-Kowaleski method
to evolve the data (3), as done in the HEOC method, we evolve such data numerically. The basic
concept of this approach is to construct a weak local formulation of the PDEs in space and time
using a new local space-time discontinuous Galerkin approach. This results in small systems of
nonlinear algebraic equations to solve, but no analytic differentiation of the governing equations
is necessary. Then the interaction of the evolved data at the desired time ¢ = 7 requires the
solution of the classical Riemann problem (3), as as for the HEOC solver. The advantages of this
variant are twofold (i) one avoids the cumbersome Cauchy-Kowalewski procedure, resulting also in
great generality; (ii) one can treat stiff source terms properly, reconciling the usually incompatible
concepts of high accuracy and stiffness.
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Figure 4: Sequence of regular tetrahedral meshes used for the three-dimensional convergence stud-

ies.

3 Sample Application

The purpose of this application is to address three main issues regarding high-order methods. The

first is to do with accuracy; it is in our view mandatory to perform convergence rate studies to verify

if the methods being developed or applied actually attain the claimed high order of accuracy in both

space and time, and for realistic situations. The second issue refers to the ability of such high-order
methods to perform satisfactorily for flows containing discontinuities, for which the concept of high
accuracy does not apply. Thirdly, such methods must me applicable to solve problems in complex

geometries, which usually must be discretized with unstructured meshes.

3.1 Convergence rate studies on unstructured meshes in 3D

In order to study the convergence behaviour of our method for the three dimensional compressible
Euler equations we create a smooth unsteady test case with exact reference solution by prescribing

a vector U, (%, t) which when substituted into the system of the Euler equations produces a modified
Euler system with a source term. Note that for the test to be useful the method must be also capable

of computing solutions to inhomogeneous problems, that is with a non-vanishing right-hand side,

to the required order of accuracy. For details of the computational setup see [7]. Therefore, we now

[—0.5;0.5]°

with six periodic boundary conditions and the following exact solution to the problem that serves

also as initial condition:

solve the three-dimensional Euler equations with source terms in the domain Q3p

(12)

1.0 and

The constants are set to be Ag
= 2m. In this review paper we only present the convergence

trivial.

We note that the solution is simple but non

= w

with ky = ky = k. =

kﬁb’ k;ya kz)

(

rates obtained with our ADER finite volume schemes on tetrahedral meshes for third and sixth

k=

a more detailed study can be found in [7]. The errors presented in Table 1 are

those for the velocity in z-direction, i.e. for the primitive variable w. Similar results are obtained

for all the other flow quantities.

order of accuracy,
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Table 1: Numerical convergence results obtained with ADER-FV schemes of third and sixth order
in space and time for the three-dimensional test case after t = 0.25.

Ng L™ L L? Or~ Op1 Or2 tepuls]
ADER-FV 03 (M=2)
8  2.3265E-02 8.7869E-03 1.0185E-02 4

16 3.5522E-03 1.0640E-03 1.2935E-03 2.8 29 29 bH4
24 9.9836E-04 3.1449E-04 3.8055E-04 3.2 3.0 3.0 260
32 4.1918E-04 1.3316E-04 1.6143E-04 3.0 3.0 3.0 820
4  3.1815E-02 1.1310E-02 1.3915E-02 1

12 2.1289E-04 1.0618E-05 1.6858E-05 4.6 6.4 5.8 143
16 3.1281E-05 1.6605E-06 2.3375E-06 6.7 64 6.9 467
20  7.4469E-06 4.1553E-07 6.1345E-07 64 6.2 6.0 1153
24 2.2733E-06 1.3416E-07 1.9236E-07 6.5 6.2 6.4 2304

3.2 Shock wave reflection problem

Here we illustrate the potential of the ADER methods to solve realistic problems to high accuracy
on complicated domains using unstructured meshes. We consider the reflection of a plane shock
wave from a solid body of triangular shape. The computational domain is [—0.65, 0.5] x [—0.5,0.5],
with a triangular solid body with vertexes v; = (—0.2,0), v2 = (0.1, —1/6) and v3 = (0.1,1/6). The
incident shock of shock Mach number Ms = 1.3 is placed at x = —0.55, at ¢ = 0. Initial conditions
ahead of the shock are p = 1.225(kg/m3), p = 1.01325 x 10°(Pa) and zero velocity. Conditions
behind the shock are obtained from the Rankine-Hugoniot conditions. The mesh consists of 256580
triangles and for the computations we use the Toro-Castro solver and a CFL coefficient C,f; = 0.45.

A computational result at time ¢ = 2.20 x 1073 is shown in Fig. 5. The main physical features of
the flow look reasonable, as compared with analogous problems for which there are experimental
results, see [19], for example.

4 Concluding Remarks

A succinct review of the ADER approach has been presented, along with some illustrative examples
and a list of relevant references.

In discussing high-order methods there is a crucial question to answer. Are these methods justified
7 Or put in a different way, given an error, what is more convenient from the computational
point of view, to solve the equations using a (simple) low-order method on a fine mesh, or use
a (sophisticated) high-order method on a coarse mesh 7 Our experience so far shows that the
latter option is distinctively more convenient. That is, high-order methods are completely justified,
specially if accurate (small errors) are required.
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Figure 5: Shock wave reflection problem. Schlieren image for density at time ¢t = 2.20 x 1073, Two
vortexes evolve behind the triangle. The expansion waves interact with the shock and with the

boundaries.
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Numerical Analysis on L/D Augmentation of Supersonic Delta Wing
by Using Compression Lift

Masashi Kanamori, Osamu Imamura and Kojiro Suzuki

Abstract

We numerically analyze supersonic flows around a delta wing with bent wing tip. The results show that the lift

and drag forces decrease with the increase in the bending angle. But the local augmentation is observed around

the hinge line of bending in the spanwise distribution. On the other hand, the lift-to-drag ratio keeps almost

the same value independent of the bending angle. This phenomenon is significantly related to the interaction

between shock waves generated at the wing root and tip. The mechanism of lift augmentation is explained as

the ”compression lift” effect due to this shock-shock interaction.
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Experimental study on interference flow of a supersonic Busemann Biplane

by
Hiroki Nagai, Kenichi Saito, Toshihiro Ogawa, Keisuke Asai

ABSTRACT

An interest in Busemann biplane has been revived and the feasibility of the supersonic biplane is now under investigation by many
researchers. However, these studies are based mainly on CFD calculations and not validated by experiment so that a discussion on the wave
cancellation mechanism between the two wings is very limited. The objective of this research is to measure the wing surface pressure
distribution on a Busemann biplane and to study the two-dimensional interference phenomenon between the two wings. Since the
Busemann biplane wings are so thin (the wing thickness ratio is 0.05) that it is difficult to install static pressure taps on the model. In this
experiment, we used Pressure-Sensitive Paint (PSP) to measure surface pressure distributions on the model. PSP is an optical pressure
measurement technique based on photochemical reaction called “oxygen quenching”. This is a coating type sensor and considered only
means to measure pressure fields on a thin airfoil model. In this study, wind tunnel experiment was conducted in a 60mmx60mm indraft
supersonic wind tunnel. The surface pressure distribution obtained using PSP were compared with CFD results and the Schlieren images.
The complicated three-dimensional interference phenomenon between the two wings, including shock wave/boundary layer interactions
was analyzed. On the basis of these experimental results, the wave cancellation mechanism of the Busemann biplane is discussed.
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Fig.14. 2 ¥k 5T Navier-Stokes 7151 F

4. 4 WX DBIENSAROEN
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About support-interference-free aerodynamic force acting on a sphere with

boundary layer trip around its critical Reynolds number

by
Hideo SAWADA, Shinichi SUDA (JAXA/IAT)

Abstract

Through advanced detail simulation tests, adjusting model mass and control factors made successful measurement of aerodynamic force
on a sphere at Reynolds numbers around critical one at the JAXA 60cm magnetic suspension and balance system. The obtained averaged
aerodynamic force for 8 seconds shows that the minimum drag coefficient after the critical Reynolds number reaches 0.062 and that any
hysteresis phenomenon on drag coefficient with respect to Reynolds number was not observed around the critical one. Through the
obtained fluctuations of aerodynamic force, the shrunk force fluctuating around the sphere axis parallel to main flow and some force
swirling the sphere about the axis for a short time were observed at Reynolds numbers larger than the critical one. And some oscillating
force on a plane including the axis was observed in the test of a sphere with double tapes for boundary layer trip in large Reynolds number
region around the critical one.

1. IZC&HIZ

EROBPAETH L O EBSNTNT, LA AR
¥ (—HEFDE U/s), EROEA D(m), BhEEIERREv(mYs)
EFTDHE LA VR Re T UDIVE EFESND,) D8 3x10°
{3 THEGUREC (GBS Fp(N), —HEIRENE q(Pa). ERKDEK
Wi S(m>) &+ 5 &, HBURE Cp 1T Fp/(@S) & E#E S L
5e) WAL THZ ENMENTNS, FFiZ, Cp280.3
IR B Re ZEROERA Re & EOX, BURKFTELALOTRE
ZRTHEES LTHRA S TWD, EROBEIFRFERDZ <
IFEMEA~DOSFEEOREZHRARO /NI T H720,
BKREMWAT 4 FTHZDE, HFaxh TRERLTWD
B Linl, EPOBATHLEMZ XX TV KRBT A
T —BRE D OFNCBIRICE D & D A KT
I S TR, 8K, Cp 1T b B EOE W
FBLTEETHIIERNBAOND,

We ) HFFRAAEE (LA, MSBS L3077, IR 1T
JEGRRER 2 B L AN B 2R &2 FHT A B DT,
ZRFTSAEN, 2o, BAKE <L T B Re
fHETOEROZELINEITITE L T D, Lo, BEA Re
M TIEBRICIERT 2SN LS BILT 5720, B
LTV AERONBEBABNARE 20, ZNETEES
Re 7% 3.8x10° P2 T, BAIZM NI X TERL Lo T
Y, 22T A ETORBIENORREBER IO K E S
R L, F OREOEETEL K U CUHIHBN &L E)
23 MSBS OFIINT & KB o — ORENICE £ 5
K OICHIEHRE O M FHEZ EhE Lz, FiZ, BT EHEC
T B0, R Re DV/NE L 72 RIS B RGIER FH
T — T E ARSI O BB A S E LT, T ORER, R
Re ZHx, KN ED L I REXTEZIT 5D, JAXA O
60cmMSBS & HWTHIET 2 Z &Rk, JAXA @
60cmMSBS & & i U7= B (B 3CREIR) OFER
W30k 5) B BB E T,

2. EHEIAREK

HEA 150mm ERTIE, R Re OB AT 0.1
BORIZ 6N BREDOEANEEL TS, @ LEN-T,
74— Ry ZHENT Z N oA DB LTS
WA 2 — E ONEIZOREF LT DRI BRI NG, £ 2
T, ZOBRERETHETNVEED, ZovihE kst
LTCRMTBDOMBEBEHDS I 2 L—3 a3 U&7V, R
Re #it8x T2 Z R IILFFT 27200 RIZOW
THEH L7z, 723, MSBS THIH L TU 2 EEAE A IR EHS
LA EERGR E L, BURSI A% x il & v $hiE k
MEZ 2B LT, 2D EERATRERT L DI y il
EE S TS, BRITHER R MCRET AL 21 LTn5,
(LAKE, MSBS JHER & IF5,)

JAXA 60cm MSBS OfillfHI5& TIEIEARIICIL ZEA AL
HATEDOPLEEHZEA L TRY ", A OEE % m,
TUCHER T 2RI % Fpge 22RTTE Frero & T2 & 1AL
OE#HF IO L Sk b,

-
—

mx([) = Fmag (t) + FBCKO (t)
= MX hXXIX (t) + Facro (t)

" M h 1
=20y () L)

T T, ot IR ER U, M, IR NS EAGA A TE KON
Wk O x FAMKE—A > MRS %, h 3P0 &85 1
DRI A S AP aA VICHAERZR LI & X
WZAED HE D x TS S iy o x Fmaidz ., 1%
PLAaA NVICRTEROREIEZRTHLOLET D,

T4 — KRRy ZHIZEGD TV AT A EROEERK
RQOEH 1T D,

e

This document is provided by JAXA.


http://stage.tksc.jaxa.jp/library/report/files/SP-07-016.pdf#5

B3NP R /M TR S L 2 b= 3 AT AR Y T L20075m 30 29

1

M.h,
X(5) = ()4 — Fl (9
- - ...(2)
10°
X(s) = - 1 Fiee )
S+—
M. h, x10 T
1 Pl : xG, ka : XHI, xH, H .,
ms S

T, kIFHBIERE . TIXESRMAEER L, G3hh
A VOB, H,, H, Huopor | £ENENNAEE
F ATy NI VE TR xEOE TR
DIGEREEKZFE LTV 5, JAXA 60cm MSBS #2007 1
v 7&K 1IZRT,

it Re WX 5720 DXIRDO—> & LT, HAVE &I
ML ENEBZOLND, HEEZHOTIIERZEIIIC
KLU T EETZ/ NS HEKD LD Z 8By
No, T T, BROMEE T VI =2 7 L5805 FHR
WWERL, 2EROEEEZEOT I LI LTz, BH&E 7.0kg D
TEORRI T, A 6N OLEENE Z > 72546, &K
3.5mm DOEMLBFEAE L TV, Bl 2 1ITEE% 12.0kg ([ZH
LT, 2mm BREIZETHOEH Z B gnols,

ZoOHDORRE LT, 74— KAy ZHENC L DR
BRI L Vb 2 2 & &Ko7, HBlER L IZ7 1 —F
Ny ZICEDMRITOKRE S ERTE L, BRI
BERTNTHE T 4 — Ky 7 BMERT 25 £ CTORFM 2 ik
ET D, £LT. ZTHHOHIET A —F Z R,
RN ZH) LImm (Sl 65 2 P L, 2o
Tz b—va URERE D, EBRITRE R 10.7kg ORI %
fEL 72,

LML b, RREBENL, SIS SHE
FUTERI O HIETAZEE & 722 0 B\, ERORII R CI,
B AR TEED 2 L DBENEERBHTRRRD b,
EEOBROISE 2B LN L HEEEICHEEZNZ 5
VEND D, BEICHIEEROFEII I 2L —ra v
BED SO LFH TR | x T OHIHTIT &, 1359 10% 550
L. FEOEERIT 2 B & Lz,

3. B

R AW S BIOEREAER Tk, BRIEOH R, x
fif > 5 53 & 233 DAL TR B ARAIE A5y T
TSGR 43 0> J7 H390.17mm 72 EAE N K & < | /i Tldk
AMEBEZEN, BT TIRHATMERENEINTND Z LN
o7z, FRIZHTT D% A& BZE TG A RelZ E DR, F
7= EORRIT BT DI ARHATHY . 29 LB embiz
DITHEA ERE T R 4mmD T — 7 TR A E 2 T
3V ICAEY . RBR A EM L7, F7o. BFERR— i,
FEU B ICH Y 4 5355 IS 4Amm D JE N S — LT — 3R &2
MERTESRTHE S 725DV TH AT, K202 Z of
U Al R = A DA GAVAY - S ek 2 N

Tz, RUIARIORBR CHEM LIZRTORRr — 2%
RY . 72E. 60em A O I TE F T I 1 B~ E AL A3 150mm
EREVDOT (BHFELA.9%., BRI KW EAES(m?), HE
BT REAMY) &5 & BHIEHITS/AL EFESND,) . FI8
FOREI DI SR U 72 22 F14R 5K O FEAMG "C 1338 5 O BE U541 1E
L LT, Wi Ssolid blockage effect & wake blockage
effect D1 1E % SCHRS)IZREV VI E il B L HE L 7=,

4. AIEHR
4. 1 HHEFHRANEREK

# 1 TaRUL7z 5 FEORBR CE L7 Cp & Re DR
ZLIRTFEM L= FEROFER YL K 3 1R T, r—R 1
TILERERENTER STV A ARIZ 0.17mm D% Al &
EEEDHFRCA V. Z OB R OEHIER R T &

LC< . B, IRTOEER Tl Cp DWW 23hFE - T
WRe 28 3.5x10°FREE T — R 1 TIX Cp DB OIS,
F72 Re (BT % Cp DB RIFLRTIOH DO LY H/hE W,

5 Re #2720 CplE 0.062 L 72 o 7273, A EIOR
BRCITEER L ITR ARV 0.17mm D% A X BENH D,
B Re XD CplZ KITT ZOBREOHEIT/ NI N EE X
B, BERD Cp i3 &5 0062 LT &EHE 2D,

r—ATD Cp & Re DRIRITHER 7 — A 1 LIFIEF LT
THDHN, BEHR Re B2 D Cp 78 0.09 &FET K&V, iRy
— 2N TIEEDHAMEBEENT —7 1 KL 0 IEITmHHN
S, F7-IZ 4mm TR Z OBEENBE L TW\W5, 04
W2 T E2M0 T BB M OMATE . T
BT v I A 23 L—Z—OFEI R R LT DAl hENE
N5, BAMIZ dmm 721 BEED TIRICENL L7270 T,
R Re B2 D CpfENZEAL LZ L 13E 2 #< . T m OB
NOBRENT-HEHROEELEZ 2 b5,

A — A 0.17mm OFFFBEZET, LMD 4mm it
TIE 0.35mm DB ITEENGH DG LD, ZDORFD Cp &
Re DR TIZEEA Re 28 3.2x10° I2F T L. Re 2B+
B Cp DWHRNr—A 1 & MITH_T/hEW, FIZ, R
Re#Z D Cpld 0.13 L —AMDEFA L K&\,

TF—AWVEFr—AME Y b FIZEWEZOLA T, B
St Re 13 1.43x10° & 722 0 KIEIZ/h &V, F72, Cp 3R Re
2% Re OWINZEWENT D, 2O TRAOD
Cpld 0.16 FRETH o 7=,

r—2 1 BT TIEER Re B A 7212, B Re &
P ST Cp #WE L722S, BEA Re A3 T Cp Z21{LICEE
T HAERRBREHESIIBH SN ol

Achenbach D FEE: O TIFEKICT 7 2 2% (1T % &, Re
D3EINT 21224 T Cp 1T/ IMEZ TR Y | FHefErIlZ 0.4 30
EICE CEETAHREPBLEINTWVEN, ARBRTII4e
<HBEESNh o7z, ReZARIZxT 2 Co DT 9 LI ZH)
IIERE T CTRAT ¢ v IR LTV DB O RIREMENF 5,

Ar— AV IZBFER DR — /B, FEO B ICHRY 355
SRR 4mm DJEW Y — LT — 7 3K & 2 B T~ TRE
D, BROEFEEE LS D TH S, Re 2 0.5x10° TEE
WZERD Cp IR BEER LTS, BR Re 13 2.5%10°
THHMR, Cpo DD ESMD 3 & N TKRIEIZ/NE W,
ZOZENLT—AVIZERE Y W & 130372 0 TN T
Lo LHESND,

4. 2 JNICEAARORETFHERH GEH) FREY

T TR &0 x BB 70 RIS S LT ER
TSR "NV ERTZ 8T B, 7— 71 x ©lE 0 12
KFRCHE Y (=0T, Ry — AV E2ERE, #AhhmE
BESELEFITELS  BEhomX @R THY, EHE
WKL TZFORE SICOARERT D, X4 IR
7 by GRIZIERT 528502 v (Fy, Fy, F,) (AL
N)&T 5 & MR~ Fuvix (Fy/(qS), F/(qS)) & EFE
EN5b,) DRE EE Re DBRERT,

r—2 1 & T TIEERSR Re 12800 < AT THERENS
HRL WA MBI 0.1 FEE TCpll s /&0y,
£7-. Re 2N 3.5x10° T & 7 — 2 T TIIHEREITsE L
0ERDN . r—ANTIZ 05 0.1 DRI TE L —EDMHE
MZ2RES2R0, —F, 7 —ZAMTiL Re 73 2.1x10° 1 1) 5
LIRS R IR N L 0.2 LA B & 72 5, BT  Re A3 2.8x10°
WY THRKEEEY , = O®%BAT 5, 72, Re 2% 2.5x10°
WY 2RI L TCRERBEMBHI SN TWS, 202 &
B, — A TIRERER T ORI 70 FIBERR O x #1E 0 12
BT ARFMER RES N TWD EEZXLND, BT D
EEZERINTHOWTFHRB &, Re 78 2.5%10° 132 T Cp
1L 05 EVMEEA R LN D, EXIEBPINI /2> TEH

This document is provided by JAXA.



30 FHTAL 2 T B SRR A B e

0, Hed THURIEWES 2R L TW5, £7-. Re 28 3.5x10°
PLETIEr—A1 L REOEILEZR LTS,

5. EEELRAH

MSBS Tl = A VHlEGR D D ERUAEH LTV 5
K[AOEHETE HDOT, BROABEREH) SR OEM: )
ZEHET VT, EEN R D 22K ) ORI ZE b & E
SeD, FEANESCHER 10)Z2 IR S, AEER O E B
Hx 248Hz T, EMESIFEMRIC 10Hz O v —/"A 7 4 V42
—ZHANTWn5,

2ERNRIAR T P v GRICERT =R 7 b
(Fy, Fy, F)) (WAL : NYET DL ZBRAONREAY bk
(Fx/(aS), Fy/(qS) , F,/(qS)) L EF S D, MSBS JEEFERT
KL TNDHDT, Fp=—F, OBMERH 5,) % x BlZERT
LW ~FE T2 & BRITHERT 2B A8 O kk1 & 8
Hks, K537 —2 1 OYET, Re B R AT D4 THE
TR DO ZEREB N L 720, T DOHRINE B E1- 238152
ENb,Re lZBIT 2 CplBi b MR HKIZ/ D Re THEIEREL
DOEMEBLRKE 2D, B, BTSSR THIA
PEIIBIZR SN, £72, Re 28 3.58x10° Bl Ric/2 % & 44
FIOESCHULER Sy % i D MR 0 I TR
WKL e TWB, T DI EIFXZERNEA x #k LT
BHNTWRN S, FIRET x )5 0 IThERICER LT 5
ZEERLTWD, ZOHIRIXERKIZITV super pressure
balloon @ _EF-Hf 2L & 41TV > 5 helical motion”|Z%f it L
TWbseEEZz6NS W, -, BETFHOER 2T 5.0x10°
F O REV Re TEIZ X5 AL CHIE SRR 180 S
AT %Gt O IEHRRIREN B TV 5, AR T Z 0lF
BRI % JEET Re 728 3.76x10° THJ 1.5Hz A EEXR
B THY . A br—r oV (F: BB ERE (Hz) &3
HE, Abo— L StIE DU L EZESN D, TR
T 5 LR AOBHFERIISITEVVEIL R > TV D,

WIT, HEENC Cp. HERNCHE RO KR E &2 Mo T,
ML Re lZxF LT &M 6 12725, 22507 x @& v (2 he
B2 LIIERT DL, CoOEENTZNE TIZHARTA
WICREL Y, BOEB EREEIZ/R D, HIZ, ZENIR
MREEY x ¥ LR35 B T ERRE 0 B LT
%, Re WEIZEEINT 5 L EBEEIN/NSI 2D, Cp b
LTV, ZOZ L. Re BT 212> T, Bkl
ZTEAUC LIZTEMAK 70 o MR 2 225 R EuIZE#
LN RESEZF LPSETCWLSbDLEEZB NS, L
L. Cp DAL E 5 Re 2 3.9%10° 1T T = DA 11812
el s,

=AU TEr—A 1 OEK[IESHOMEA & IXITIER
U 2 L=y, 77— 11E E AR IER A 72 )
B SN2 odz, T2, RBRL72& KD Re THHES
BEOEFHORE SIr—R2 TIFENS TR Lo T,

—J., ® 7 & 8ITmT LT, F—AMOESIES
FEND EEL BTl E R LTS, Re A8 2.1x10°
FEIE CIIE RO E BT 7 — A 1 & BRI F T H
D, D, Re DI EWRITHE NI AE L, FITE
BNEIE x BiAAEY) D X O IO/l E THER L, x filla st
U CHRREBICRE L, T0®%ITE, 7¥—A L OHA LT
FRICZERATHS x Bk LTV T, x B8 0 I2hERId 5 &
INHERT 2, 20 x & TN OREIBLSRILER T
U super pressure balloon ¢ _EJ5F-IEZ 1 N D wavy motion”
ELTHM SN TS bDICHIE LTS EELLNS Y,
. K9, LA VREIENNTAE S Z ORB ORI IR
BOKFT Sy DR AB OZ\L O T 273, 1 B
MNE 2 BREICHhTZY . —HOMICHE L, T O%aI %
FROMICBE L CHET 2, FICLA VBRI
B, 29 LEWRBT AN EL 20, —HFOEICHE

6

JAXA-SP-07-016

FTHEMIRONRL R DONRH D,

Fo. K7 b, ZERIMRBIIERR LA TEAIC LIZTE
FHI0 FE DO MR E A2 L TWD 2 Re ML T,
BB OEEIE O K& S8 L b 88— 1
LHIpSTND,

D EED
ERNCEEMAR Y I 2L —Ya e FEHL, EAEED

TR, HIEEROEFES S I T 52 LT, JAXA 60cm

MSBS TERDGES Re 8 2 D285 71 & B E KT, Z D5 R,

EROERS Re Rl COIRICIERT 5B 25R )1, BBhZER

INCEAT AU TOMAESD Z LKL,

1) 8 BMICE 2 EHZERIH SR Re #8 2 O/ MEHUE
1359 0.062 TH 5,

2) Cp & Re OBIRTIZ., Re kI 5 B @ IEIZBLO
e,

3) Cp 7Y 0.3 A3 TIEERD x 8HE 0 IS 25ER LT < AR
TR0, Bk A x Hih)E 0 JElR] S 5 AR DR 2 B
L7,

4) FEEISEEER 3R | x BilA E e T N CHREN
NHPMERT 25628 LT,

HLME

AEORERIC LY MSBS & AV 28822 R T HE LK
JRRLHIEE A £F 5 $LEEMIRE » O &2 FZEd 5 BT, HE
efEMERMECEX DN oTn, T LT, KR
SHIAME £ 5 SEFW IRV OFEALD CFD MRk CIEiiLs o
AR EAE R D LR & o T2 EVER BN BRI R TH D
28, 5. MSBS & MHWHIE L= BEMDEE % ikt 5
LI LV ERRA CFD MEENTIRE L 72 0 (S HEM: 2 5
ZERHIFTE S,

L%, BEROBER Re BAORBREFEHET 5 & iz,
MSBS % HW TR FHO MM IRIEIZ BT D % T O EET
. BEENERHNZ RS 5 FETWD, &b,
PR OB O FHIEE E O T 2 BT 5 121X PIV I8
LFELL, SHRZONFOHIE L OWHERDIZ,

25 3Lk

1))

2)

3)

8)

9)

Berger, E., Sholtz, D., and Schumm, M. : “Coherent Vortex
Structures in the Wake of a Sphere and a Circular Disk at
Rest and under Forced Vibrations”, J. Fluid and
Structures(1990), Vol.4, pp.231-257

Taneda, S., “Visual Observations of the Flow past a Sphere at
Reynolds numbers between 104 and 106,” J. Fluid Mech.,
Vol. 85, part 1, pp. 187-192, 1978

Achenbach,E., “Experiments on the Flow past Spheres at
very High Reynolds Numbers,” J. Fluid Mech., Vol. 54, part
3, pp. 565-575, 1972

BHAR, ERf, HBE—  THET60cms /) 30 Fs
RFFEEE A W2 BRI OFURGE . B AR LS5
SCHE, Vol.98,  20044F1 A &

HHEFFR, Eisf o MEEEVRH 60cmfd /) 3R E o
BA%E ). HAMZEFH PawmCE, H50%, 25807,
pp.188-195, 20024F5H 5

MG —, HEFEFR TR ) SR KA ), AAR
AP LR, HB4UE, 55, pp.235-241, 20064F
Sawada,H., Suda,S., and Kunimasu,T.: “NAL 60cm
Magnetic Suspension and Balance System”, ICAS
2004-3.1.2, August, 2004

Pankhurst,R.C. and Holder, D. W., “WIND-TUNNEL
TECHNIQUE,” SIR ISAAC PITMAN & SONS, LTD,
pp.340-348, 1948

Achenbach,E., “The effect of surface roughness and tunnel
blockage on the flow past sphere,” J. Fluid Mech., Vol. 65,

This document is provided by JAXA.



B3NP R /M TR S L 2 b= 3 AT AR Y T L20075m 30 31

part 1, pp. 113-125, 1974 06

10) FBEAK, WO, MR, s, (R 1
TRERBRIZ IS 1T 2 FEEEfbFHI ) . 238 EIRAR ) F el il 0s e 111
RIS, pp.169-172, 20064£9 H el

S
kS

11) Soggins,J.R., “Sphere Behavior and Measurement of Wind
Profiles,” NASA TN D-3994, 1967

Cside force
o
b

#1 AR — 2

T
=
e
G

Eav T—=7 | K& & fir
r—2 | Emm) | % | (mm) ol
I L B BEH
H 0- 17 1 4 "T‘%él\%l-g 0.00.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 ()40 0.45 0.50
m 0.17 2 4 B A Reynolds number (million)
N | 23 | 1 | a 4 BOREE Re ORI
v 2~3 2 12 BRILLEF ER
/_jf ‘_‘/l/ 218000 249000 280000 311000

d disturbance | |
B SIS IR SREEEN S

set point

Pl controller magnetic feld  coll system

contraller

decoupling
controller | e

magnetic field Hall effoct sensor
controller

donble phase noe sensor e . g : :
advancer ilter
1  JAXA 60cm MSBS O ifil| I 376000 384000 395000 423000
| | | |
‘ | |
R R R
[ | |
: : : :
5 CASE I ORUIFREZES)
ERBEI OB G, ETRO IO RSIFZENRET
1.0 (Y, 4 EJ7 OREI Re Z27777,)
218000 249000 280000 311000
| | | |
| | | |
ol — — — L — — — ol — — — b — — — s — — — b — — — o5 — — — b — — —
| | | |
2 @O — AV ORI 335000 347000 358000 367000
| | | |
| | | |
N sl — — L _ _ osle — — L _ _ sl - — L _ _
0.6 | | | |
| | | |
| St v N IS
‘e . %ﬁfn%% 376000 384000 395000 423000
0 | l-.i.umn.....~ i% 2 ‘ ‘ ‘ ‘
§ L} 4 % | | | |
% [ ] A | | | |

=o

[}
03 ¥‘ [ R 7 % E ) b — - L b - L Wl L __
| | | |
O sphere ) X

| | | |

| | Oecase I ‘1 | | | |

0.2 pese 1L -‘---.--— w L ﬁ L I} L E ] L
0 H e 6 CASE I &I AT Pl N 22 IR By

ocuse V (Bi#IE Cp. MEENIME RO R&E &, EFFEO - LOE
: : : : : : SITZERET 10 ITHY, ETFTEFAELTWS, £XE
0.00 0.05 0.10 0.15 ([:cz;)nmds"t‘iier (mﬂ(l)::) 0.35 0.40 0.45 0.50 jj@;&'fﬁli Re %77_\‘1;_‘0 )
3 Cp & Re D%

This document is provided by JAXA.



39 FHT AT TE DR FE A eI Ak

217000 237000 292000 306000
| | | |
| | | |
| | |
L__ __ a,,,,L,‘, IV Ny N n%
|
| | |
| | | |
| 1 | |
v g v v
316000 327000 340000 355000
| | |
| |
‘ %
| |
| |
1 | |
377000 402000 415000

|
|
|
0

47 CASEMORIREAT) (BIEAEIE 4 £FT)

217000 237000 292000 306000

X 8 CASEN DA AT V-1 PN 22 SR E 2L B
(EAEARRIZIX S L RIL)

5 202000 229000 5 285000 300000
310000 320000 333000 349000

o 2 4 6 ) 2 4 6 o 2 4 6 ) 2 4 6
363000 371000 395000 412000

o 2 4 6 ) 2 4 6 o 6 ) 2 4 6

2 0
time (6) time () time (6) time ()

599 CASEII oK) ARSI 5B 00 Ak 77 14 5

JAXA-SP-07-016

This document is provided by JAXA.



SISO I AR S B R AR S S 2 L 3 VB v RS A2007H L 33

Fa—T bLA VOBEER/EBERE NFEOBIERET
EW—i#, HARZE
FABE. AR

Numerical Analysis on Subsonic and Transonic Aerodynamic Characteristics of
Bullet Train in Tube

Kazuki Wakayama and Kojiro Suzuki

ABSTRACT

For the purpose of reducing drag and further speeding up of high-speed train, the axisymmetric Navier-Stokes analyses have been
numerically conducted around a bullet train running in depressurized tube. The flows around a simple axisymmetric body, which runs in
high subsonic and transonic regimes at velocity more than 500km/h and freestream pressure 0.001atm, was solved for various tunnel
diameters. When the train speed increases or the diameter of the tunnel decreases, the pressure on the nose tip of the train rises and the
separation in the rear part of the train becomes more significant. As a result, the “drag divergence” phenomena were observed on the plots
of the relation between the drag coefficient and the freestream Mach number. The results show that when the tube is depressurized to
0.001atm, further speeding up becomes possible with smaller power requirement than the existing Shinkansen bullet train.
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Numerical Simulation of Blade-Vortex Interactions Using the FDLBM

Akinori Tamura, Michihisa Tsutahara, Takeshi Kataoka, Takashi Aoyama and Choongmo Yang

ABSTRACT
Parallel blade-vortex interactions have been calculated using the finite difference lattice Boltzmann method of the compressible Euler
model. The perturbed discrete Boltzmann equation based on a prescribed vortex method has been proposed in order to prevent a vortex
from diffusing by numerical dissipation. The discretization of the governing equation is based on a second order accurate explicit Runge-
Kutta time integration and a fifth order accurate upwind scheme which includes additional terms to capture shock waves clearly. Transonic
flow around an airfoil without vortexes has been simulated to validate the perturbed discrete Boltzmann equation system. A surface
pressure distribution and pressure contour lines around the airfoil have been compared with other numerical data, and good agreements
have been obtained. As a simple model of parallel blade-vortex interaction, two-dimensional blade-vortex interaction has been calculated
using the proposed numerical method. An instantaneous pressure coefficient, a time history of a lift coefficient and patterns of acoustic
waves have been compared with other numerical results, and agreed with them very well. Mechanism of noise generation has been also
captured from numerical results. Three-dimensional calculations of parallel blade-vortex interaction have been performed using the present
numerical procedure. Time variations of surface pressure distributions have been compared with Euler calculation and experimental data,

and good agreements have been obtained.
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Fig. 9 Local Mach number distributions
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Development of Vertical Axis Wind Turbine Generator System

Yy
Natsuki Kondo (Nippi) and Kunihiro Asaiji (Nippi)

ABSTRACT
This paper presents the development of vertical axis wind turbine generator system, performed by Nippi Corporation. Preliminary system
with 7.5kW generator has been designed, built and used to study high performance torque control method and to prove the
aerodynamic/acoustic performance. Applying the results and experiences of this study, the new system with 10kW generator has been

designed and built.
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Flow Characteristics of UT-Kashiwa Hypersonic Wind Tunnel

by
Osamu Imamura, Tadaharu Watanuki, Kojiro Suzuki, and Kashiwa Wind Tunnel Working Group (Univ. of Tokyo)

ABSTRACT

In this study, the flow characteristics of UT-Kashiwa hypersonic wind tunnel are obtained by measuring the Pitot pressure distribution.
In this wind tunnel, the Mach 7 and 9 hypersonic nozzles are inherited from its predecessor facility in UT-Komaba Campus. From a
viewpoint of the operation safety and cost, the maximum stagnation pressure at Kashiwa facility is 950 kPa, which is much lower than at
Komaba facility (5 MPa). To evaluate the uniformity of the freestream of this tunnel, the Pitot pressure traverse was conducted for the
Mach 7 nozzle by using the rake of 11 Pitot tubes with 20mm intervals in the radial direction. The measurement has been done at every 30
or 45 degrees in the circumferential direction and also at some streamwise locations. The Mach number calculated from the settling
chamber pressure and the test-section static pressure is nearly 7, which is almost the same as the Mach number obtained from the Pitot
pressure (about 14 kPa) on the center line. The Pitot traverse shows that the uniform flow core with 120 mm diameter is formed both at the
nozzle exit (200 mm in diameter) and at the center of the test section. Such ratio of the core diameter to the nozzle exit diameter seems
quite resonable, comparing to other existing hypersonic wind tunnels. The cross-sectional Mach number distribution shows slight deviation
from the axi-symmetric pattern because of the misalignment of the nozzle and the test section to the tunnel center line. Consequently, the
highly uniform Mach 7 flow is obtained in this facility, though the nozzle is used under the off-design operation pressure, that is, the off-
design Reynolds number.
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#1 ARG

Pitot Rake Flow Condition Mach
Exp. No Run No
z, mm 0, deg Case Por » kPa 7,. K Poo » kPa Number
1 #157 0 30 1 952+1 598 0.22 7.05
2 #158 0 60 1 952+1 599 0.22 7.05
3 #159 0 90 1 952+1 590 0.21 7.10
4 #160 0 120 1 952+1 614 0.21 7.10
5 #161 0 150 1 952+1 565 0.21 7.10
6 #163 0 270 1 952+1 553 0.22 7.05
7 #164 0 90 2 952+1 552 0.21 7.10
8 #215 -100 90 1 952+1 637 0.22 7.05
9 #216 -100 45 1 9521 671 0.23 7.00
10 #217 -100 135 1 952+1 644 0.22 7.05
11 #218 -100 270 1 952+1 649 0.23 7.00
12 #219 -100 0 1 952+1 650 -— -—
13 #220 -100 270 2 952+1 696 0.22 7.05
14 #221 100 270 1 952+1 665 0.22 7.05
#2 VY EAEEE
Run 0 Sensor Number and Pressure, kPa(A)
Z, mm Case
No deg 1 2 3 4 5 6 7 8 9 10 11
#157 30 13.69 | 087 | 5.60 13.69 | 1389 | 1443 | 14.21 1458 | 1405 | 8.66 0.54

#158 60 14.06 | 1.01 6.73 1403 | 1398 | 1454 | 1425 | 1464 | 1412 | 7.83 113

#159 90 14.00 | 1.11 7.65 13.99 | 1387 | 1440 | 1419 | 1454 | 13.89 6.71 1.12

#160 120 1421 | 1.36 | 8.54 1402 | 1388 | 1455 | 1426 | 1472 | 13.78 5.82 0.78

#161 150 1432 | 1.23 | 1024 | 1425 | 1404 | 1473 | 1449 | 1486 | 13.70 | 5.27 0.07

#163 270 1431 | 133 | 7.30 1407 | 1412 | 1487 | 1460 | 1492 | 1430 | 8.01 0.27

ojlojlojo|jo|o|oO

#164 90 1431 | 216 | 8.12 1140 | 1327 | 1499 | 1456 | 1332 9.67 7.02 3.09

#215 | -100 90 -— | 021 5.14 1158 | 1128 | 13.96 | 13.73 | 13.77 | 13.09 | 6.09 1.31

#216 | —-100 45 13.63 | 0.37 | 448 12.26 | 12.41 1410 | 13.76 | 14.05 | 13.11 8.07 1.18

#217 | -100 135 13.72 | 050 | 4.68 1298 | 1320 | 1407 | 1370 | 1404 | 13.15 9.30 1.60

#218 | -100 270 13.68 | 090 | 7.06 1343 | 13.15 | 1391 | 1359 | 1397 | 13.18 | 6.60 0.09

#219 | -100 0 13.65 | 064 | 5.13 1324 | 1357 | 1400 | 1354 | 13.88 | 13.11 9.57 1.83

#221 100 270 13.86 | 1.01 6.11 1338 | 1340 | 1421 | 1384 | 1411 | 1294 | 6.46 1.18

1
1
1
1
1
1
2
1
1
1
1
1
#220 | -100 270 2 1382 | 228 | 6.53 8.48 11.00 | 1402 | 13.69 | 12.19 9.17 7.55 3.74
1
(BN

% Case 1,212\ T Al E=SH
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WEA EF—EOREHEZDREICONT

ERIOENEIE (FEYEE I Manoace 30-200KP-C,
SAYAMA Co., Ltd.) 123\ T, JESE & BIEH ORI uns'%
TEBMRR 5D 2 & PR I, T AL A HEERS

L— g VY VR Y T K2007 U 55

MLAA DT BT B IE SR AR k(AT kPa/V, g\}—jjar Pressure Using Calibration Factor
BEROIES-BIEOFRHEZ L TIELE)Z R A1 DL S IR
Wi, BEMDEEIMEICHET 25508 MEL LT, K D B
%‘; 7 N atm . .
wfkig (=02kP)3 B 2 bILb, bbb, LLTO (Atmosphere .’ N
R L DR TH D, Pressure)
poul k (Emt/Ecab) (Vout vac) + Puac ",r”_‘. "_""
P out =k (Emt/Ecab) (Vout = Vatm) + Paim 3 S ’_,"’
2T, Ep mi§%%ﬁﬁW%iUEﬁw@W@ﬁE |
H#OD {;Eﬂ[i] ’ p0u17 out i%%ﬁﬁ#@ pvac: vac iﬁ‘fﬂﬂ# "”
D\ pums Vam ERGETOIENB L OBIEHN TH B, k P foi
isotzﬁEcab L, RAITHFIZRLTH D, LD po i, Error Bar
L LARNOEBRIZIIFECMHEE R0, TDHZ Pl (Vacuum) ‘
I, TNHODpoZiRZED ETRE LT, JEAEIXZ DM — >
ICEEND LD ICUTORICB O TER LT, Ol Ve Vi V,, Vot
Ppitot = (patm 'pvac)/(Vatm - vac) (Vout - Vvac) + Pvac Al lljjjj J_‘ igl/] ;ky) ’Bﬂf\_]_‘j]’f /\;E%B[_]
INHOROBEE K ALITRT, !
APSN _ﬂf‘o(D HADFRKRE LT, FENEHGL LD
HIRERIZ HEBEBRMNRFEELSLNY 7 hoEBOfM, =
*‘11/3::_*‘7 ERHWEEDI DL DD — 7 OFERE
ZHibH,
FK A1 JENEHG L OHEERS R
Sensor Ca:e Cazse Pressure Transducer Amplifier Calibration
Numb
umoer r,mm | r, mm Maker Products Serial No. Products Serial No. | Amplification degree kPa / Volt
1 0 0 PAB-A-1MP | FG0950003 6M92 3080126 1.497V / 300ue 39.44
2 -100 -90 PG-5KU YK7450038 (San-e) 1014995 0.999V / 200pe 24.60
3 -80 -80 KYOWA PG-5KU YK7450010 9091429 1.002V / 200ue 2477
4 -60 -75 PG-5KU YK6560001 | DPM-305A | HA1748 0.691V / 100pue 17.75
5 -40 =70 PG-5KU YK7450046 (KYOWA) HA1747 1.488V / 200pe 16.51
6 -20 -60 PMS-5V 5H 4787 PD-304A (CH1) 3.988V / 10mV 11.35
7 20 60 PMS-5 10H 5359M (HOKUTO) (CH2) 5.000V / 10mV 13.23
8 40 70 PMS-5 500K 5564 (CH3) 4.008V / 10mV 10.31
TOYODA
9 60 75 PMS-5 2H 14 AA4500 6F156410 1.003V / 10mV 13.02
10 80 80 PMS-5 5H 4147M (TOYODA) 9L100815 3.006V / 10mV 12.84
11 100 90 PD104K 1F 495 6H158306 1.003V / 10mV 13.48
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Thermal Response Analysis of Low-Density Ablators

by
Yusuke KOBAYASHI, Takeharu SAKAI (Nagoya University),
Keiichi OKUYAMA (TSUYAMA National College of Technology),
Toshiyuki SUZUKI, Kazuhisa FUJITA (Japan Aerospace Exploration Agency),
and Sumio KATO (Kawasaki Heavy Industry)
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ABSTRACT

The coking phenomenon within low- density ablative material exposed to aerodynamic heating is studied. The char
density of the tested material is measured by slicing the material thinly, and by weighing each of the sliced test pieces.
Measured density profiles of the tested materials are compared with the calculated results obtained by a thermal
response code. The surface and internal state of both pre- and post- materials are observed by using Scanning
Electron Microscope (SEM) and X-ray Computed Tomography (CT). The results show that the measured density
profiles is inversely increased to the heated surface. The density increase is likely due to the deposition of a solid
carbon in the char region during aerodynamic heating.

Eox=g PICA(Phenolic Impregnated Carbon Ablators)® & 9 12%¢
A, . static weight for component k KOTTLU—=FDIELY S ERBFEL, oo BEhH
B, activation temperature for component k, K BREEBELTVAH LT 7L - s sh P g&
c, specific heat at constant pressure, J/(kg-K) T2 TCFEHI v a vORIBPIEN LI LR E

e internal energy, J/kg DHHEZEZELEL L, EROT 7L —% L) LD
1 collision frequency for component k, s OEMUEERT TV =7 A0 LWEAH S 2T 40
m, mass of char, g BZEDS, DAEICHLLETHLEEZ TS
mg pyrolysis gas mass flux, kg/(m?-s) TTL—vav *JL]KM&]]*H: ffi o TH LB 2 A 7
R pyrolysis rate, kg/(m>-s) LERFET A 7201213, 7 7L — 7 IR O BA5E R F N 1E
T . temperature, K B LoBILET— 5 %, BRI & &b TRl
K . thermal conductivity, W/(m-K) LIEDBWETHL. MAT, INLDOTFT—F % & I1T8
U, . reaction order for component k IEMEETVERSEL, 77 L — 5y WHOWHB L % &
0 . density, kg/m® W RIS A 2 & T & BRI FEOML P EETH
AAT 5. 7T VL—=FHNHEOHEOH T, Fica—F > 7L
c . char state NHWHMBZE, HEAKIIAONTWzboD, 205
g gas state HEAHZALF L bPo TRy, a—F Y JHR LR
r resin state 77U = NEBIZEETNEBIEOBS I L > THAEL
s solid state TR AN, fUE f‘rﬂjE NS % a3 A BRI
% virgin state GBS AN G FE N D GEERTH AL NER L Iﬁ‘fiff‘:
LCHH L, AL OBEEDT 2 2 BE & L TARIIZE
1. FC®HIC Hodbok$s, a— #/75@%75‘%__%3:,.1$7Hfﬂ&

KRRBEZEAD TRV ry b ANVOEFGH Y X T L2577V NEOWEMENELL, 7T L —F AEHD
LELT, 77V —% EIWHEN DB 2 W7 7 BIDBAFEN K EL LD DM S 5. T2, BGHRY
L—3 g VEEHESRA SN TWS. 7 7L — a3 VB ADFRALBNE RN LI —F 0 FHEI R B &, B
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Study of Pointwise Implicit Discontinuous Galerkin Method for Hybrid Grids

Kanako Yasue and Keisuke Sawada (Tohoku Univ.)

Abstract

A pointwise relaxation implicit Discontinuous Galerkin method developed in our study is extended to unstruc-

tured hybrid grids comprised of hexahedral, pyramidal, prismatic and tetrahedral cells. The mathematical

formulation of the present method is first shown. The scalar advective equation in 3D space is then solved

using hybrid grid. The accuracy of the scheme as well as the convergence rate is examined for illustrating the

characteristics of the present numerical method. Finally, the pointwise relaxation implicit DG method for 3D

Euler equations is constructed to solve inviscid compressible flowfield over ONERA-M6 isolated wing using

hybrid mesh systems.
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Fig. 1 Convergence history for flowfield over
ONERA-MS6 isolated wing.
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Fig. 2 Speedup ratio of parallel computation for
flowfield over ONERA-M6 isolated wing.
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Fig. 3 Schematic illustration of the 3D mapping
for tetrahedral cell.
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Table1 The number of cells.

O0x hexahedron tetrahedron prism pyramid
10 1,000 6,000 2,000 6,000
20 8,000 48,000 16,000 48,000
40 72,000 432,000 144,000 432,000
0
—=tetrahedron, P=2.19
-05 | ~tr-hexahedron, P=2.47
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Fig. 7 Evaluated spacial accuracy.

=Cm=tetrahedral cell

= 1 m—im cel

hexahedral cell
“ == =prismatic cell
==+==pyramidal cell

Lt::g__U(L2 residual )

Iteration

Fig. 8 Convergence histories.

Wik, 7V ALB8LOEI Iy FTo#EILE, &L
Bz Z 2 361,748, 420,487, 5382 TdH %. Fig9
WKHEHMEDF R VERT, v v $k 084, W%
3.06[deg] & LT, CFL #ud 10° TitHz B o7

F7, KR TREEREZHERT 220IcA =T -
VEv sy —%BALL, RiETHVALY Sy y—T
%, TVBHZEEL T, A7 ARIZEBIT3ENE RV
HDIE N DED L VD 10% %8 2 2 51 IR
ZHS &) kR AV,

REM B L OV — FETOEHFEMRRK % Fig.10 12
YL SR S A S BIOBIEREAE BRNICHI S 2 61
TWBDWEN5E, £, 0L EOENRBIA %
Bz k036 i o & 4512 Fig 1 iR 3, ek
HTH 5 I OBEPAEIHZR L T 2208, Ho—
BERIFCTH 5. Figl2 i oniRA@EL2Rd.
hx Rz E, JERICKE 2 CFL 8T ZE I Uk R %
BTV EBThS,

This document is provided by JAXA.



EE3OMISLIRT FRIE 2/MZE FHALME Y X 2 L— 3 3 VAT S VAR Y T L2007 3K 67

Fig. 9 Computational hybrid mesh.

Fig. 10 Obtained pressure contours.
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Fig. 11 Pressure coefficient (Cp) profiles; (a) at 65%
spanwise location and (b) 90% spanwise location.
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High-lift Wing Design based on Design Exploration with Considering Cross-flow
Effect

by
Masahiro Kanazaki, Taro Imamura, Shinkyu Jeong, and Kazuomi Yamamoto

ABSTRACT

In this paper, a multi-objective design exploration for a three-element airfoil which consists of a slat, main wing, and flap was carried out
by paying attention to the span wise flow effect. Reynolds Averaged Navier-Stokes Solver (RANS) was used for the evaluation during the
design process. To reduce computational time, “2.5-dimensional span wise calculation” was used. In this calculation, two same planes were
arranged along span wise direction. They were diagonally arranged to represent the sweep angle and periodic boundary condition was used
for the infinite span wise calculation. Kriging based Multi-Objective Genetic Algorithm (MOGA) and Analysis of Variance (ANOVA)
were used for the design exploration. The objective functions were defined as the maximization of lift coefficient at landing and near stall
conditions simultaneously. In this study, 54 sample points were evaluated for the construction of the Kriging model. Based on present
evaluation method, the span wise flow was observed and it has an influence on the separation on the flap. Through the design exploration
process, the differences of the designed results between 2.5D and 2D evaluation were observed by visualizing the design space.
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Flow* >

Computational planform

Fig.‘l 2 Illustration of infinitely swept wing for 2.5D
calculation using periodic boundary condition in the
consideration of the span wise flow.
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Fig. 6 Flow field obtained by 2.SD evaluation result. (a)
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40 —2D — sweep angle = 33 deg.

35

=8deg.
©
o

25

CL(I) at AoA:

20

35.0 40.0 45.0 50.0

deflection angle
Fig. 7 Comparison of the effect of the flap deflection angle
between 2D and 2.5D calculation.

0.0001 T T T T
Fos ——
1e-06 E
1e-06 1

le-n

la-12
o

(a)

4500 [ ] G

4.000 |

3,500

2500

o m'noo 40;!00 N;”D 30;)00 100000
iteration
(b)
Fig. 8 Residual and C; history in 2.5 dimensional
computation: (a)residual, (b) C;.
Non-dominated front

CL28

+ Initial Sampling

m Additional Sampling
& Baseline

165 16 1¥ 18 18 20 21 22 23 24 25
cLE8

Fig. 9 Solution space obtained by the present design.

This document is provided by JAXA.



79 FHMZEAF T B BRI E L JAXA-SP-07-016

—Design
—lasigri
1

|
é} e o N Nl

—Fradrn
— Design

N

Fig. 11 Comparison of flowfield around flap. Color contour is

Mach number. (a)Baseline setting, (b)Design1, and (c)Design2.

0.030
cia
3163
359
3.55
0.025 gl
342
3.3
g %
o=
@10.020
o
=
0.015
001950 34.0 _ 36.0

b@riap
(@)

0.03
CLa
226
222
2.8
214
0.025 3-{"5
202
188

194

0.015

0.01

30 32 34 36
S@flap
(b)
Fig. 12 Comparison of Ci;s plots against Op,p-gapna,
predicted by Kriging model between results base on 2D and

2.5D evaluation

0.03 e
2.26
22
217
212
2.08
0.025 2.(_}3
1.99
1.94
&
!@ 002
g
43
0015
Uli00 0.0050 0.0000 0.0050 0.0100
OIL@flap
Fig. 13 Cy3 plots against O/Ly,p-gapp,, predicted by Kriging
model.
0.04
0.035
0.03
5
&3
@0.025
&
v
0.02F
0.015F
0.0} o1 0.005 0 0.005 0.01
OIL@slat
(a)

This document is provided by JAXA.



IR S il E A/ MZE TS 2 2 L— 3 VT AR Y K20075S0E 73

gap@slat
S
h

0.02

0.015

LN LI e L

o1 I L L N

0 JLJ.()1 0.00% Q Q .({]h 0.01
OIL@s

(b)
Fig. 14 Comparison of Cjg, plots against O/Lg,c-gapgac
predicted by Kriging model between results base on 2D and

2.5D evaluation.
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Consistency between Continuous and Discrete Models and Reliability.
by
Hideaki AISO

ABSTRACT
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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Generation of Flow Field with Arbitrarily Given Vorticity for
Finite Difference Method on Structured Mesh
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ABSTRACT
We propose a technique to generate flow field with arbitrarily given vorticity for finite difference method on
the staggered structured mesh, and it is based on the conjugate gradient method defined on the structured
mesh naturally. Since the linear system of rotation operator is degenerate, the matrix is ill-condition. For the
pre-condition of conjugate gradient method, the Balancing Domain Decomposition method is employed. Since
the subspace of the kernel of rotation, i.e. balancing space, is known as the scalar potential velocity field, we
solve the descritized Poisson-like equation with the Shur complement to eliminate the degenerate components.
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Establishment of DNS database in a turbulent channel flow
by large-scale simulations

Hiroyuki Abe (Japan Aerospace Exploration Agency) and Hiroshi Kawamura (Tokyo University of Science)

ABSTRACT
In the present study, we establish statistical DNS database in a turbulent channel flow with passive scalar transport at high Reynolds
numbers and make the data available at our web site (http://murasun.me.noda.tus.ac.jp/turbulence/). The established database is reported
together with the implementation of large-scale simulations, representative DNS results and results on turbulence model testing using the

DNS data.
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Fig. 1 Development of DNS in a turbulent channel flow.
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Table 1 Websites of the DNS database in a turbulent channel flow.

Name of websites

URL

DNS database website at the University of Tokyo

http://www.thtlab.t.u-tokyo.ac.jp/

DNS database website at Tokyo University of Science

http://murasun.me.noda.tus.ac.jp/

DNS database website at University of [llnois

http://www.tam.uiuc.edu/Faculty/Moser/channel

DNS database website at Universidad Politécnica de Madrid

http://torroja.dmt.upm.es/ftp/channels

DNS database website at ERCOFTAC

http://ercoftac.mech.surrey.ac.uk/

DNS database website at University of Southampton

http://www.dnsdata.afm.ses.soton.ac.uk/
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Fig.2 Schematics of domain decomposition for process
parallelization: (a) FFT; (b) TDMA.
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Table 2 Computational performance for the DNS at Re.=1020.

Re. 1020
Number of grid points 1,409,286,144
(N, x N, x N,) (2048 x 448 x 1536)
Number of CPUs 448
Number of processes 56
Number of threads 8
Used memory 819GB
1/0O data size 138.2GB
FFT: 300~400MFLOPS
Performance TDMA : 90~120MFLOPS
for one process
Others : 800~1000MFLOPS
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Table 3 Cases of our DNS database established in the present study.

> CFD 7 v 7T k& Hiik
FLTWS 9,

—7J7, TDMA D)V

Velocity field Thermal field
1) Re=180 1) Re=180, Pr=0.71 1) Re=180, Pr=0.025
2) Re.=395 2) Re=395, Pr=0.71 2) Re=395, Pr=0.025
3) Re =640 3) Re=640, Pr=0.71 3) Re =640, Pr=0.025
4) Re=1020 4) Re=1020, Pr=0.71 4) Re=1020, Pr=0.025
Table 4 Contents of our DNS database.
Velocity field Thermal field

1) Mean velocity

2) RMS of velocity fluctuations

3) RMS of pressure fluctuations

4) RMS of vorticity fluctuations

5) Reynolds shear stress

6) Budgets of Reynolds normal and shear stresses
7) Budgets of turbulent kinetic energy

8) Two-point correlations of velocity fluctuations
9) Energy spectra of velocity fluctuations

1) Nusselt number

2) Mean temperature

3) RMS of temperature fluctuations
4) Turbulent heat-fluxes

5) Turbulent Prandtl number

6) Time-scale ratio

7) Budgets of temperature variance
8) Budgets of Turbulent heat-fluxes

9) Two-point correlations of temperature fluctuations
10) Energy spectra of temperature fluctuations
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4. Conditionsd

[P

1. Specified conditions!
Re_tau = 1020

j.Z. Obtained mean quantities!

Re_bulk = 414474

4

4

5. Turbulence statistics!

+
i _mean UL+ Wit
1 0. 1539459+DD 0.153892e+00  0.410213e-02  0.172765e-024
72 0.465327e+00  0.4BB6B2e+00  0.372747e-01  0.143188=-01.
3 0.786334e+00  0.785677e+00  0.105683e+00  0.3768672-01.)
4 0.111676e+01  0.711037e+01  0.212148e+00  0.703570e-01L
b 0.145842e+01  0.745068e+01  0.309349e+00  0.111056e+00L
6 0.181264e+01  0.780749e+01  0.562004e+00  0.158663e+00)
7 0.218076e+D1  0.217157e+01  0.791484e+00  0.212121e+00)
8 0.2566414e+01  0.204822e+01  0.108030e+01  0.270525e+00L
9 0.206413e+01  0.293780e+01  0.141935e+01  0.333007e+00L
10 0,338277e+01  0.334013e+01  0,180750e+0]  0,2308786e+00.

Y
O Wei & Willmarth (1989, Experiment) |
----- Moser et al. (1999, Re,=590)
- Tanahashi et al.(2003, Re, =800)
. 2N —w-— del Alamo et al.(2005, Re,=934) |
g \
£
-
S
1+ R
| Re, =180 Re,=395 Re, =640 Re,~=1020
——— e - Abe et al. (2004)
L | L | L | L

0
0 200 400 600 800 y+1000

Fig.4 Root-mean square values of the streamwise velocity
fluctuations.
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URL: http://murasun.me.noda.tus.ac.jp/
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Fig.5 Root-mean square values of the temperature
fluctuations.
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Fig.6 Turbulence modeling testing for turbulent eddy
viscosity at Re.=1020.
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Large-scale simulations of lattice quantum chromodynamics

by
Hideo Matsufuru

ABSTRACT

Lattice Quantum Chromodynamics (QCD) is one of the scientific fields which require most large-scale nu-
merical simulations. QCD is the fundamental theory of the strong interaction among quarks and gluons inside
hadrons. Because of difficulty in analytic calculations, numerical simulations of lattice QCD are important to
explore the properties of hadrons and determine their matrix elements. In this report, we explain fundamental
aspects and algorithms of lattice QCD, and how its large-scale simulation is performed on massively parallel
computers with an example at KEK. JLQCD Collaboration is performing dynamical simulations with overlap
fermions, which have theoretically elegant features while require high numerical cost. We also introduce interna-
tional and domestic activities, ILDG and JLDG respectively, to share the configuration data produced in lattice

QCD simulations.

1. LIS

17 &7t 71% (Quantum Chromodynamics, QCD)
WCHDSPEY R 2 V=Y 3 ViF. KRG E 207Gk
ICT BB 7 LT XL 0FRRE L SHE EheT
HERL CTE, FUEKFICBIT S CP-PACS 7y =
7 Na & OEHFTEESORFEC. IBM Blue Gene/L 0
Bk & 72 5 72 QCDOC ¥R &, mMEpEt H 0%
BICRLEEH Y KEL, 22Tl BT QCD &
Ral—varyofiie Iy Xazfigil. KEK
T{T->C5% JLQCD Collaboration ® 711y =7 h %
file LT, KBS I 2L —varBNEDkH)iarb
NTCHENEHNT S,

YIal—vary7nAI) RALoHENSIE Ho
HHEAZHELL 2 o TH Y, AWM (BN
INBTHENZLN) O ERTLTH L, GHHIFFMOIZE
AT, MEAREAOMFICE NS, /2. Monte
Carlo & ik T BRI, RESFEAMVEA SIS, N
7 MVEFEICYH, KR EIC S I L 72 B o
HTHD,

2. BF QCD DJFiE

JRTHE KT 5B TRd T, 74— 2 L igh
HFERTH WM IERIC & > THRES h TR T
W2, B0 (QCD) 132 s AR & ik S
LHETH Y, BEANITIE SUB) BHCHDS W= =Y
FEg e LT Ens, chidz+—213 T oF
HEEES e F 2. ToBC & > CTHAIER] & itk
THIeRRL., TOBICHIEIERZIENT 57—
Fiye LTIV —F VA ShD, QCD % fifriv
RO, BT (N Ry e ifs) oW EE R

TZEERETHL, ZhiE, BTFEEQFOEEGR
QCD OB TR NX—HEOLEICIE, HEL2ES
BiC k> TR 2 IR HNTH 508, KT 3L
F—D QCD TIFZ DMEERBIIKE L § &, 1)
WmMHAE T 5720 Th D, E>T NRBRYORTE
FIMEH % QCDICHES WL, 7 LA N—1)Fi7
CICE e R ey OFGEURIE 2 KI5 R T 57290
W BUERNCEHE 2470 HEBSRETH S5, BlHED
CIAKTQCD Y al—Y g vid, mr ¥ —4
KT QCD OMHE % FHNR 5 728 DI — D — e P
RHZL REICHIZED T T g (1.

7 QCD 1. 4 /KT Euclid 26/ FICEFs S ni-h
OMERTH Y, ML & tahsd, oh
IS & o TR 175 L B U & 72 5 7=, Monte Carlo
B k> TR 22 5t B gL 20 5, & TIFZER %
4 YKt Euclid ZER OB RAEFTITPIL . &L (Y
A MY —08E, A MNP A DEMSY o
RIS =8 (I —TF ) 2R TV O ERERT
5, 7 A—213h 7 —HHEE (R,GB) 2oL EA.
D 3 TOCZERM N T olaliinic & > CHEAEH £ idik 3 5,
V22 BERUE 3 x 3 HETI T, =% U~ SU(3)
IZIEL. B4 b A (x,y,2,t) Ik >TINSh
5. VA—UE A —-HHEIIHATAE ) =)L
(AEU T, | eHiT - KT ERT)A R 2> DT,
3x4=12 OHMH/EZ L&Y A TR,

T FotGoMiRE EFRT DI, 74— & T —
FNCOWTEN TR E KT 2 LENH LH,
nolE, BT a — 0 OMHMRT QCD & —#/¢
LZboThHhErv, F—=UHoFE. &1 Lok
INDON—=TTHLNATACH > T, V> 7 ZREENT

This document is provided by JAXA.


http://stage.tksc.jaxa.jp/library/report/files/SP-07-016.pdf#16

92 FHMZEFE

ahH,
b,
A,
b,

V7 x—2offHe L TE 22T
KB 2 1F >, Wilson fTE%2 %X 5,

SF—Zw Uls ¥ (y), (1)

ZTORV—=RAk e S5icbD (T y b)) T
TI7y ORI E LR EER (o) A3id
eI A= OHEMNA Ty RXTRAE —

L o &b HAl

2T 37 A= HERL, 2,y 3V AN TH D,

Wilson 7 =)V I A4 > D7 1 T v 7 HET DUy, 13K

DEIITHALENDS,

Oy — K2, [(1 =
+ (1 +7u)UT(

D[U]w,y = )Uu( )5w+ﬂ y

)51 it y] (2)

= 2T UL (x) €SUB) IFY > (2,p) LU v 228
po=xy 2t 1FHMERDL, 4 iu-/ﬂj@%ﬁ’*‘?
MVTHDL, BRI a=12B0, T 4x4
DATHNC - AT & I, 7+ — ﬁ@xz/~w%L
BRRET 5, kI A =7 OEBICEHR LI NI X F —
Th s,

PR LB RS L - T YFTE O oJAFHE
i Ko krickshsd,

© = 5 [PUDNDiOG.B.U)

SF[/‘Zu’@[Jﬂ U]), (3)

22O Z 13 (1) = 1 &b & O IR LR T
Hon, ZoRNFE O DMFHEE. HoWL T -V
7 = 2 GOMEIC DN, exp(—SelU] — Sk, v, U])
DERENMTTHAT LI iICksTRENLEZ %
KT, 1> exp(=Sg[U] — Sp[h, ), U]) OhERTH
NHGORfUEZENRT L ZeMTENE, Zhbso b
TatHEL 2 EOFEEE LT, LoliffEAR S
n5zeils, Zhh Monte Carlo FiC kb EHD
FHETH 5,

U F =V GEHRT B 7o A~ e LTkbh
LI, 2O & R TR L CEIAR D O3 L v
2O, FTHALTLED &,

x exp(—Sg[U] —

/ DD exp(—Spld, 6, U)) = det DU]  (4)
75, Gauss FENOMWHE % - T,

det D[U] = / D¢DIesp(—oD ' [U)G)  (5)

EEFE, BEOXRT MUk SsT T2 VI F 2 DR
WEINY ANDL Z &Ntk s,

7 =2 SO EIX. 74— 7 oARENE
HWTRT Z e TcE s, flRE 74— 27 OEBEK

BRI HEAE ARG JAXA-SP-07-016

EllAGDE TN Y OMBBEREERL. T ok
MAHANDEEOIRL BN EZFHRL Z 212k >To
Ny oHESCHBENEZROL Z W TEL, N
0 EELOATY B LI oW T b, [AR o AN
BHETH B,

74— 7 OIEEEIE. D0 &) i A%
f T ens,

>, DUz yzy = bs, (6)
Eq. (6) ICBWT, blEHb5AHNERZ ML (4
M xHT—x A = VOBHHEEZFFD), o W TH
%, ZOHBEANFERETARGFRATH Y. DU,
FHTITH 2720, HIRLALER 210 & > Tifa SR
%, ZOMIGFENAOREN, BT QCD Y al—
Vg Y OFHEREOIZE A LT 5D LIEENLN,
ZOEICLTHKTQCD ¥R 2L —Y 3 VTR
YpiEy, KiE e HIETE L L O ICT 5 720IciE
TR a CHRITEZFFO®EICE &2 0N 570,
SEOBNICTFTIRET AT 27 —1d, fiooims e
V=7 OHETH Y, KT RIS oy,
ZFGTOEER Y, 2RMEL KT 52 Lick->T
RO 5, BEOVFITIE, B u, d 7 4—7 L0 E
Wos 7 — 7 PEZERMCE ST 5, s 2ERRIC
EH u, d 7oA — IR HERCE R T o R
Lz, %%éwa’éﬁgwﬂﬁﬁﬁbméoﬁ
ﬁﬁﬁ HAREBL-0ICE. 2nsofifny +—2
(SR RNORI ST R TiEt %maﬁoawﬁﬁ&a PPN
ﬁ% Zary ha— VL 0ERD L,

3. BFQCD ¥Ial—Y 3y
BT QCD v a2l —y g it i#H
HoTThhsd,

(1) YO ER OB DER

U2 7B U, (x) oEKkIE, @% Hybrid Monte Carlo
FEL VI TNAY ZLEHNTTI, 2O ETEH. H
51 EROB (2T > 7 B/ S 5 Bl %
ﬁotiiﬁngﬁgm%b NFENIFIC Y v 2
TRERBESE TP Z LIk >T, Batincihirie
%@KWOTﬁ<O;@%&Ti\ﬁﬁﬁﬁﬁﬁﬁﬁﬁ
WCRPAERR - TR E < D IRY, BEZEfRM LR 2
ANGZ N TE L, HZERMOMFEEFET LR
. I =7 o E RO L0 LI R EZ, R
[BDE AT TTITD ZeBEE D, ZDHE
Haz MBIERICKEL 25,

(2) ¥ +— U EHEEROHE

AIffiCiiRIz & Dic, 74— 7 ofiEEE RO 5 2
CAFE R ARAN L 2 it d 5, Vo
OB 2 ERT HEIC O & AT v FTCREIL 2 &8

R &5 7 AL

This document is provided by JAXA.



B3OSR R /M2 TR Y X 2 L— 3 a VAT Y VAR Y T L2007 3K 93

PETH Y, HifFZ offiEn, HERMO K % &
W LGENEL, fE- T, R NBLTE R & oE K
DTNA) ZALEWRTLZ T, ¥YIalb—vay
IR D RIS BT 5,

(3) MEEENHE

7 =7 DAFHEBASRENE, Tho 2ilAagby
TH ¢ DYHEENHETE S, AN 0HE,
N R R O B E RO TR T £ 25t L.
ZOREEE,. SFHEEORIEY 217, SRy
Tlt. KEK TiThbhTWwb B 7727 b)) —FKhkgze &
DiGT RN F —HREERCENT 5N K e o B
KOFNENEETH D, T 6 I FEE G2 M L 3T
LW 2R 72010, @S 0B E e s hTn
%, ZOOICE. FcHfEEEZay ha—1T 5
ZeMER LD, FIRIITIE. QCD ICHEDS N T
T (B 7. HMET) BICHE) < B % BT 2582 b e
LTn5,

%7 QCD ZWHEHER TR S HEICiE. &1 %
NEL., SIS TES ) — RICET 5, BlETHhbh
TS IETIE 16424 FiE DY A XD Y DL =8,
0(1000) ML LA /) — RTHET 25 EICE &/ —
R OB EE TN EFEE & 70 . Eq. (2) 28
RT LIS, eV EIYA NCTOMEEA %R 572
WIS, WHEMRRCIA CREMRENER R EF L 0 b,

3. KEKo7 o>z b

KEORFE S I 2=y arofle LT, BTl
X — MRS (KEK) D 2 —N—a v Ea—F Y
AT LTI ¢ 275 T, JLQCD Collabora-
tion 7Y = b 2] AT 5, EATIEMIS, T
WK TR ZE 7y =7 b (PACS-CS 711 =
7R b Tns,

KITORT QCD O RKELRREE LT, KFLETO
A TNV OEEDEATZZ Db, ATV
WFRME &3 7 — 7 OEEDPIER IO SIS
TONFMETH Y, BEMFRTIEZ O FENH FR
I 2 2 &I &k > T BT o> KEkno
HEWEU D EHIAIND, LLEBSKT T
DFFMEZ O MR 2 R T 5 2 L IF RGN TH -
7zo TWAILZ DN A FIVIIFRMED T 1T O GG H] 22 1
fEDSER, F DRER T A T IV RS T G o BN
Mu[pEE oz, TD LD RGO D LT, Felk
F=NR=Fy T T NVIT U EHERHALEZ, Z0ER
flE, FERIMNICENIME 21 T d M8 ZhuctE-
Ty alb—ya & HIidERko 100 5Ll Eogt
BRI L, 2T OHERA, Eq. (2) OWFE
TOHFHENE SR TRINLIPSTHY, ZOFF
T OISR 2320 5 720 & Eq. (2) oEH{E

MY\ L7 5 TS EBOIRNEECEALT 5720 T
»5b, KEK 72 & OFHA— /"= Ea—F DA
WA, 703V AL oRed . FKeldd—
N=Fy T Tz VIFvefnizday=r b 2FT
hChH b (2], EARMNREET Eq. (2) &6 UHE
S ENL /2D, ZoMBETFEXT MVICERS®
LEEEHR T8I0k 5T, Yab—v gy
DIMERE ETHZ N TE D,

KEK Tl3, Z—X—aybEa—F3T2A5Le LT,
H 37 SR11000 (F&mi B ERE 2.15TFlops, f& X € U &
# 512GB) B & %, IBM System Blue Gene (i
MHE 57.3TFlops, & A €U A& 5.12TB) 726725 8HE
VAT L% 20063 HEVEHL TS [3, Zov
AT LF FRT - R YRR nakEs i
DE—LREER DY I 2l —Ya VITHH ST
0N[4, FEFF O K E 25N 2 KT QCD 285D T
W5,

PITFTClE. Blue Gene TiT- TCWAETEIZOWTH]
9%, Blue Gene Y A7 ALIF 10T v 706700, 1
T 7131024 ) — K (2048 7ot v ¥ 7)) 26K
Ehd, &/ —KIZ4MB D L3 vy v a®ifb, 2
hz2-oo7avy B HHEL TS, ry hU—2
DEAL1/2T v 7T, 8x8x8D h—F2MTHY,
1/—KAo27vaky¥b >0/ —KokHidk
FITEMH KL=, 8x8x8x2 D 4KILH hRnm
V—hd, BT A XE16% x 32 BNz, W»WiD
MWDOINT AL —TWINTEHE 2D 2 DDENERTH
D, LR DLEERE BTV AR MREHLET
DOFf72 &% HBLT1/2 Ty 7 £12131 T v 7 #IC,
—ODETTDYIal—arE{T-TC05,

Blue Gene ToOEIH LT, &7y Vo GEE
HERHE 2 X TNV FPUIC k> TEELT oz 2 &,
J — RROEEERELT 22 1ck->TTH., 2hb
ik td b2 eItk > T &KbY HMAR Eq. (2) % A
T OIS LT A F vy v anfaiciie—
7 MERED 30%IL K DMEREZR 155 Z LT E /2 [5]. KFE
o7y =2 N TIEZFOMOTEE L Ib S 720, 15%F%
JEOMRETHEZT->TED, BIELMRZ M) v
L. VR A RIS O W T O RENS B THB Y. &
LT A VIR E RN T D 2 & %,
QCD 25 EHFHNCMEE L 72 2 L VK S ek & LT
Fehd 6.

4. BMUT—8 DEBICEGITT

B2t A2 Sy I a2 —2 a v 2TH10E K
SHHEHAENLETH L, —H. U7 B OB
—EFoTLED & Fhe O TH ¢ o3t BN
BEL 0%, BT — 2 ONBH, HHAZIED 5 2 213,

This document is provided by JAXA.



94 FHATZEATJEBR R AR A B JAXA-SP-07-016

[ CEHE 21T MELZ LS. AF S Nz BV &2 D
FRT570ICHMTHL, 2oLk d e befit
T 5 720ic, EFRH2 Ml T H 2 ILDG (International
Lattice DataGrid) 2%&#% 17> T 5 [7]. ILDG 3
oMK Y v R ok S h, FFEEICITDH
LTV 2GRS L - TR IREL Th b, &7z, A4
T=HAROI NNV =TIl TE 2O —F2 77
V=T INEEIL T b,

HZE M Tld. JLDG(Japan Lattice DataGrid) &
WO ARG 21T TB Y, g Y v Re LT
fi7 =% % ILDG |29 5 & Hic, miEr v b o —
7 SINETS3 %1 U 7= 1afi A b [ CTomin T — 7 iz
B, ZOMEAEH D00 AT LOBFR %
T>T05 (8], thir& LCE, SRR EHIZET T
BFE S N7z Glarm 2 W e7 — 4 771 v R oK% i
TS, BIEE, K. KEK, GUah Ry 2E i
FHEFERT. KECK AR se e v 7 —. LR K. &
RKBILDG ICBML T b,

5. &

BT QCD ¥ a b— 3 Tfr> T2t B ofiig %
FT LTz, L oMERIERITE L <, 725180 7
N ZLOFRBISHFO, B TH L QCD ITHD
W ERN G ES BRI > T b, TS 4+ — 7
HEICOWTE, ERKED S AMEIC L B NEMED

HELLLBESN, HEMNZ +— 27 HE ORI
WTETWS, ZhIER YRR S B Th B3
DORER LG EICR]RTH O, LY ofFRICH
KELEHBTE L LIS TWa, Etio:tE
REWCOHICHANGEE s Tna, YIal—Y g4
WRENZBM T — 22 ARt 5700, 5—2D
HH{L DV S o2 H 5,

References
1] HAHEM 7 LoGolg (a7 vh— -
T = 7T — 7 H, 2005).
[2] JLQCD Collaboration, http://jlqcd.kek. jp/.

Bl KEK X —= /N —2a Y ta— & ¥ AT AL
http://scwww.kek. jp/.

[4] KEK KM Y a2 —
http://ohgata-s.kek. jp/.

[5] HE, T, bRk, MARE —, a2
WmGE (v rvav)arva—54 7y
AT I 47 No.SIGT (2006) 114.

[6] H. Fukaya et al. [JLQCD Collaboration], Phys.
Rev. Lett. 98 (2007) 172001.

vav Eﬁ 77311:7

[7] ILDG, http://www.lqcd.org/ildg/.

[8] JLDG, http://www.jldg.org/.

This document is provided by JAXA.



SIS R = /2T

KAELFIER S S 2 L— 5 D= DBELIE -
INEF SR
T(*%) ELERBVRTLIVCZTYLY

WMIITBUAAN BILPHREFRT,

HHES X 2 b= 3 VIR Y R Y L2006 S0 95

EITRIES PO 7ORHE
EAR A

Development of HPC middleware for large-scale parallel and coupling simulators

by

Keniji Ono and Tsuyoshi Tamaki

ABSTRACT
A novel middleware, which integrates an Object-oriented framework for efficient code development and an execution environment with

high usability, was developed for large-scale parallel and coupling simulators.

The performance was evaluated on several parallel

platforms using a Poisson solver with/without the presented framework. It was found that the parallel performance with the framework
might recognize almost the same under 1024 Cores in comparison with the one of the original program with MPI. In addition, a coupling

control and its implementation on the framework are discussed.
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TSUBAME Grid Cluster

Takeshi Nishikawa and Satoshi Matsuoka

ABSTRACT
TSUBAME (Tokyo-tech Supercomputer and Ubiquitously Accessible Mass-storage Environment) is a new supercomputer cluster installed
at Tokyo Institute of Technology in Tokyo, Japan, in April 2006 and boasts over 85 Teraflops of peak compute power with 50 Teraflops of
peak over 10,000 Opteron CPU cores and 35 Teraflops 360 acceleration cards with the ClearSpeed CSX600 chip, 21.5 Terabytes of total
memory, and 1.1 Petabytes of online disk storage “Fat Node” as well as fast parallel interconnect---architectural principles based on
traditional supercomputers. In March 2007, it increased the capacities of memory to 21.7 Terabytes and disk to 1.6 Petabytes. And it has

kept the fastest supercomputer in Asia and Japan in September 2007.

TSUBAME is operated under the slogan of “7x A/ 72D A /321 27, “Everybody’s Supercomputer”. We have employed an x86 architecture
and Linux operating system on TSUBAME, supplemented by Grid middleware, allowing synergistic access from desktops and laptops.
Many applications, among the user own, the commercial, and the public domain, will simply run on TSUBAME with nothing of or very
little modifications. We also are administering the machine so that such access will be easy and ubiquitous as possible, including free
accounts for small usage as well as Web-based storage access. We also provide two charged batch queue services, the best effort service
(bes) and the service level agreement (sla). The CPU core allocation unit is by a core on the “bes” and by a node on the “sla”. So, a user is
easier to occupy many nodes exclusively on the “sla” than on the “bes”. The fee of “bes” is 4 times cheaper than that of “sla”.

In FY2006, the user own applications spent half of CPU times of TSUBAME and the independent software vender (ISV) applications spent
one third of CPU time of TSUBAME. We keep holding the policy to strengthen TSUBAME continuously.
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B ThHREITERNIY o —ICEASR TV 2 —%
—ara—ZREiE, X7 FBEITH D NEC SX-5
(16CPU, 128GFlops), 151134 2 € U A C&H 5 SGI Origin
2000 (256CPU ., 202GFlops), iff TM 2 Compaq GS320

(64CPU. 128GFlops) T, &% &*— 7 MREITH 448GFlops.

A ML=V T—7%2H5bETH 50TB BETH- 72,
Fo, OS bMBAADORN, LnbvrrTEIZERD
Unix 20 0OS THY, 2—FRELDOT7 7 A VIEFITF
INZRITT, = UHTHLHED 7 7 A NCREOE
MNTE TN TZ(NFS B — NIFFAE Lizns, EMERE T
BHo7),

ZIZT, BRAFBHROLE Y X — GSIC IZREZ L
2001 4ED 1 4R 20024E 4 A KD, PC U T A X ZHL
L TR -7 )y ROBEBHERTHS TRIKF
¥ URAZ Y v R FuY=s MRIMBBBES ., 2004 4
(I3 C 1000CPU % #8 % % K7 PC 7 7 A X HEL
WRDA—=IR—=a L Ba— N bEAEELRD,
A—RarvCa—T 47 2—L LT 4EHEY
Bex iR 2 A, £l — YIS BREE A~ BERS
RIZ2 AT 2 Lz, RIS, 2006 4F 4 HIZBEASND
BA—N—ar Ea—FOHEMAREE, ThEmiTT
WA NET LT,
B A—/8—=2 ¥ a—4 TSUBAME O K & A Bt B A%,
(il D AN ] & LTORRO 2 — VB #ERS, %#
NEFZERME MR & K R 2 b —v a ViR =2 —F
DFRE RN 72 TR AR 2 A 7 THETH
20, L FOEMEICHS LS Lk
(2)2006 4 3 A OREFERE L CHE Nol £72 5,

(1) 40TFlops MO A TEFMEREZ FE D |

Q) 1PBBA Y TA VAR L= R,

(3)FI D &4k Thit M CHHFET 5 M8 B GRS S
INDEIET 47 A BT L - THEBT D,
L) T DR EF ¥ /XA - (RFRFER BT
EETINBOABRIF RN O T 7 R AR — AL A
WCHRRICR D K D7) » REREE, HE L,
()~ B — = —H(Capability) W] {F DIFHR P — R DK D
T EFOKRKELRFRANEEZEDDLITA b —HF
(Capacity)[f] i} ¥-— & 2 & DN & HEg T,
EWITA MRT = A - KHEES - BEMEEE
B, FRITE W ERIK GSIC ARG AR O R
V—F 47— L CiMmansZ L& BT,

3. TSUBAME Dit4

PLEDOFBRFIEM D2, TSUBAME X NEC 2% Sun
Microsystems, AMD 73 & & B3 U TE OFEMER OIS -
BIEDOEITHT-0, 200643 HRHICHAEL, HHD4H
3HMNOE—RORBRIEH A BRI L7,

At 2e R4 > b E LT, UTOHEBERETOND ¢
(15120 ¥ /7~ hZ. Dual Core CPU £:HIZ X % 10,480 fiE
AMD Opteron Core, 2.4GHz (—# 2.6GHz),

(18 /7~ k% Coherent HyperTransport CH&f¢ L. 16 core ™
1Z1E SMP (ZUE\V# AE U« Fat Node % /& & 4U D =2 2%
7 NP A XCHEBL L 72 ¥— /3= 2 Sun Fire X4600 73
655 / — N, #J 50.4TeraFllops

OAE Y1 /— K 32GB (—# 64GB)ILH A £ U THEF
21.4TByte (HIERL 2 2 L—Z DK 25 TH D, Zhickb,
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Fa—oU IRTAT Y - awy ROMMPOZERITH &
LT, #Bk I 2 L —F TEMET A7 R I AT EAL
TSUBAME TEIET D (ZDFEFDOT/LIY XATH AT
UARBIZEL D) |

. . [ sun Fire x4600 AEVRERK

iy

. “. . 657 nodes, MR
hﬁﬂ ' 10,512 x64 CPU Cores ~ 64GB x 168

1 . 50TFlops(peak) 128GB x 2&

e
et T
o

=] ClearSpeed Advance Accelerator Board |

360 boards, 35TFlops(peak)

10Gbps InfiniBand
2,304 ports

2 N N
NEC iStorage S1800AT > >
e ey

| Sun Fire X4500 | -n-np
62 nodes, 1.5PB disk storage 0.1 PB RAIDE
A—ILN—FT1RY, 60GB/sDRAIL—Fyh

2  TSUBAME O H:AAME R

Super
Titanet

UAHEA5A#81%, Infiniband 4x @ Dual Lane % T, 1 / —
K& 7= 20Gbps T 5 (A b L'— D Sun Fire X4500 /%
single lane), AA ¥ F 1% 288 7" — kD Voltaire ISR 9288 T,
TyTVAAL v TFELTO6R, AT AAYTFR2HTH D,
TyTFAAL v TF AT AL v FIX 24 KT OOT vV 7
(BB THEINLTVWEDT, "M tr a0 RIF
13(1.44Tbps + 1.44Tbps) TH 5,

DA RL—UF, ZODVATAICL VRSN TNS,
—->% Sun Fire X4500 3 A5 LABET, —HBHI-V 4U T 48
#:0 500GB SATA HDD % i x.. &H % & 24TByte % fif .
b, A ML — 3 bu—7 % Dual Core / Dual Socket
Opteron TH 578, A b L —HIZ HyperTransport #%H T%
BDSATA T Y v UREH ST 0, 48 Kyt +437
/O 3 % e’ LT\ %, TSUBAME TiX, Single Lane ®
Infiniband T L C, RAIDS {5k T2 TIX 1GB/s LA E
D—lr X VT 78 AR RigEZER L TV 5,
TSUBAME T 2006 4= 3 A K D& A4 %] Sun Fire X4500 I
BET R B, BFE1PB, £A L — 3 RiiE 40GB/s
LRRBMN, ZOmBEEEENTED, EERAT L2 MY
(/work) CliZ Lustre W57 7 A L3 AT AEBIESH, I
I LB EE 0 ZFEH L T\ 5, 2007 4F 3 A KIZ Sun
Fire X4500 I3%3 %2 B8 L T 20 Bk S 4. 2007 4E 9 A H
£, BB 1.6PB Lo TWN5,

> H X NEC @ iStorarge SI800AT > AT L THY |
SATA #7223 5, RAID6+ITE SANHERIC X W, mn
EHEMEAZ AL T D, 2FEIT 100TB T, EIZ F—2A
T4 V7 bU (/home) IZHWHILTWD,

OSIMD 7 7 = L —# %, ClearSpeed £:0> SIMD X2 /I
BOF 7 CSX600 % —fHT >4k L7= PCI-X DAR— R%&
HWie, FEIIBHUIEES N, — 72 O v — 7 MERBlX
96GFlops, t'— 7 VHEFE 1T 25W T, EAREA T BLAS
@ DGEMM O imEREDY 50GFlops TH > 7o, BIED AR —
FEQFBLR TIL 360 0T, A% — 2 PERE 34.6TFlops T &
D, H— K& AL CPUROEREHEZ AT, 1/ —FK
(—E T LI 1T EF IR TWD, EIROHEEIT
9KW LA F T, ZAULTSUBAME @ 1 7 v 7 LA FIZigE 7
U,

UTSUBAME O EHE T — AT ) 7 24 TH 350
5 A — RV (GSIC DFHHBEE 2R T 600 EH A — VR
EYThO, AML—007 v 7))y hT—27 5D 76
T v TR END, BE/ —FNEIT7 v 7 omSicLoT

BEFIT N EBEENISN, A v TEEDTS TV I %
Ho, RV BA N L— USRI - FE L — K, AN EER R
v NI —=27EDT7 v ThHDH, ZhiZ, REDOHEIZ=
v M5, EEBIIHHEREEDDLH60 N THY
2F L IF OEF 3IHRIZOML THREINL TV,
ITSUBAME D{HE 1T, ERTIL 1153kVA, HmHAIZEE
ZETe & 1630kVA ThH 573, FEEEOBIHIE TIX High
Performance Linpack (HPL) BEERE, 7 DmFEd & w3
U —TEIESE TR 1.2MW B2 TH 5 (2006 /- 5 A Z5),
TR, 25 EWAIZIIT DR ) — R HPL EITICEIT 5
BET1330W LIS TEY, X - TTSUBAME ©
FHELER Sy D FEBEIN) 70 e RVEEL FE V)13 900KW LLR & H#EE &
b,

[TSUBAME 7347 480 / — REWT&H 5 2F D A A 35k
X, RFOT—Z X2 —THHWLND, BWEMOBR
E PRI DIRR & % 5242453 Bff(Cold Row vs. Hot Row
Separation) L T, M OEX & HE S TI2T ITHENEE
TR LTHL L, BEHTRAMINCHR AT 2 &
IZE S5 TEWGBEIERE LN T LNTFEEZ E > TND
[4], ZHUzxtL, IHGSIC &N EDEL L DA —/3—
a Va—H =0, HREA—R—a P a—FXDL
W —ThDEHBEROBERIC L DMBEEROFHEREL T
FAFEEZFHNTHNEN, ZOFEITFICEVEERH 5
BRI REHEDETHDL Z LR MEN TS, TSUBAME
T, FAAGRERO- DI, BEEELTEOE D
BEIOTSHACHREL, RFHEOF 7 N2l L TER
EIRGETITRAINCHR BB T D L) . HHOEE
FREE - EEEEITo TV D,

OTUBAME @ OS i SUSE Linux 9 # Bk Tid4e / — K CTH
WTEY ., % /— KiZiZ Boot & Swap f ® 2.5inch HDD %
L TWD, BH&Y s 7247 Y2 7%, Sun N1
Grid Engine Z IV TWA 23, 3K ZAUX NAREGI D27 Y
R Ao =T LRI TETHD, 2007 4 9 AHULE,
—EFEBRM D/ — RIZNAREGI D27 U v R R = 7l
AERNTWAS,

M5 TSUBAME O DM 1 x86-64bit N—AD T — X7
7 F ¥ 72D T, J$3%1% SUSE Linux 10 ~DNX—2 5 T
FIEE DI ITT, RIIZHS U T Sun Solaris X° Windows
Cluster Computing Server Z /0 HICERAT 5 Z & bRRFTL
TW5, ZNHDOEHOERIZIL, OSA A — T _X—RXDH)
Biarueya=rr - F o u Ay by —LR0, AR
FERATIZ LD OS TR AT 4 77 PIC X AERE R
TETH D,
ko X 91z, TSUBAME (Wi 0% at BAR A 1 ZIF pCme L
Tm~v bl oTNAD,

4. TSUBAME O — RV FI—7

TSUBAME ( 2006 4F 6 H @ The 26th Top500 List ™
Linpack "ERE T, DAEB LT V7T —, R TIX 7 TH
% 38.18TFlops % Opteron 0 % F LR L 7=
(Rmax/Rpeak Zh=E 76.56%) ., % DExHERESSAED H
FTHoT, TVTOREFWRA—IR—ar Ba—X Lo
72, 2006 4F 11 A 2% Opteron {21 2. ClearSpeed 7 7 & L
— & 7R — R % f#iv The 27th Top500 List T3 47.38TFlops O
Linpack PE8E% 7% (Rmax/Rpeak 2h=R 57.69%) L 5 9 fif
LI A h LW, Top 10 BN Z#ERF L7, 2007 4
6 A ® The 28" Top500 List Ti&, 77 » HA No.l A —3
—a o —Z OHAITHERF L7z b DD, Topl0 BN 6
HEHTLEN, R 14 E o7,

TSUBAME (%, HPLI3Z1# D Z &, MPI D4 Fl
microbenchmark, HPC Challenge Benchmark, NPB 2.3 (Class
B/C), Gaussian, AMBER 72 % 7o X0 F~— 27 4T\
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ZORERE—MRIILS A LTV D
(http://www.gsic.titech.ac.jp/~ccwww/tgc/bm/),

T WL ORI e T — X BT D,

OMPI O@fEHEREIL, / — R TOL—FT 13 4.7-57
PR, NV RiREIX 1.10~1.15GB/s, B12(3kE /3y RigD
12 DMEREE RT T — & KD 16384~32768 /34 MEE T,
RT LD ) — RO )0 B PISIERE LI
RY, i, SGI Columbia, Cray Redstorm, BG/L 72 & D
FHRRED S 2T K EFRREOKETH 5,

[UNPB Class C TiL, IFITETORTF~—7|Thiz> T,
J — R&43 B &8 T 128CPU R £ TRHEZ4T - 7228,
CPU HENMZAE S Mops/s/CPU (XIZIE—ETH o7, 2F D,

TSUBAME Batch Grid Memory last year

Bytes

Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar

M Memory Used
O Memory Buffered
B Total In-Core Memory

W Memory Shared E Memory Cached

Bl Memory Swapped

X4 TSUBAME Ny FF 2—D X FE Y F] RN

# 2 TSUBAME ®* = —#ERk (2006/10/5-11/13)

- g queue Num. | %
ZAUE TSUBAME D% v b U — 7 BNl TR —F 7T of
HHEEEWRLTVD, nodes
interactive 4 SEEAVER A, 2.6GHz,
5. NEENSHEETOER 64GB RAM
TSUBAME i 2006 4 3 A RKDEAMNS 2007 4 9 A BIfE default 39 B 32CPU =7
F CHEEFEZIE > CERAMKEH 2B E L, FRR
high 12 2.6GHz, 64GB RAM,
# 1 TSUBAME OIE Al O Z% A 120 | /— REH. BITYE
T Ny FREf ) — B 120 | /— KA, 9CPU =
e TAFNL L, BATEE
a. 2006/4/1-5/31 32(4/1-5/10), k3R B R besl 120 ) — RAA . W HIECE
36(5/11-21), B PR L
156(5/22:31) slal 120 | /—K&A, 329CPU
b. 2006/6/1-10/4 156(6/1-12), B WA BRI H Lo
195(6/13-30), B e 27 WP
295(7/1-10/1) avs 20 AVS FIH
¢.2006/10/5-11/13 | 535(10/5-11/13) w R AE B sas 1 SAS %I H
1T mopac 3 MOPAC F|
d. 2006/11/13- | 535(11/14- YR AE
2007/8/3 H19/8/3) # 3 TSUBAME O3 = —## (2006/11/14-2007/8/3)
e. 2007/8/14- 595(8/14-) B R TE gyl queue Num. | ff%
of
KB TIL, BRAAE ST S — RNy T H nodes
— DR R > TV D, a, b OBIMIE, FHEEHEOE TR interactive 4 SEEALPLT, 2.4GHz,
BaBfF7ra s I Ao, Fa—=27, FIHEREOE 32GB RAM
W H T, WHKRE ) — Ko R AZENFT 5y fef | defoult 39 | wPL A, [ EER

FF a2 —lZHfl G L TTo 70, K3 DRIENGIFRATND K
5 R T EZ2 B R E TR O BM% IR F I X D AR N H M
STWRNN, KEREDIC O E —RITE SN TN 5,
2006 4 10 H b FE—RAEH Z Bl L7-BICiZ, Ny F
Fa—IT 535 /— FEMHHB LEBET 2 —DOREEITH12H
EEEOFRAIT 2006 & 12 A BATo 72, H—IRAEHB MG
ORI 7 Ak, BEAFOER A ARSI R OV = —AE k)
DAEHF o —KH~OBITHME L, BEFMHE L,
BRATEAOREREZREE 2 TF 2 — Mk OR AT 21T
D RATEAIL YY) 2007 4 AL D TETH ST MNE
Bizid g 20078 Hmb 7o,

TSUBAME Batch Grid Load last year

. —
B

Apr May Jun Jul Aug Sep Oct Now Dec Jan Feb Mar
O 1-min Load [O Nodes W CPUs [ Running Processes

Load/Procs

3 TSUBAME /N v F % = —@ CPU = 7 F| 4RI

32CPU =27 L[

(8 high 12 2.6GHz, 64GB RAM,

H1E besl 120 | 2.4GHz, 32GB, E&Hl,

HiE bes2 120 NA Ry 77— b

1 slal 120 | 2.4GHz, 32GB, ft&i,

1 sla2 o | PEREFRGE, P9/ 4t
FER AR = — e fF

A avs 20 AVS il

A sas SAS F|

EAE mopac 3 MOPAC F|

F2ICE - RAERABITHM O, £ 3ICHE - RAERARFD
TSUBAME O ¥ = —p & ~7, W, 5 RKEBFH
B ClE, AB EWo | ERENKRIES (32CPU =2 7 5
£T) N — REA. 32CPU = 7IEAILL BRI ATEEZ 723
J— REF LW F o —OF RN EEL, HBiBONZ K
Ty 74— M= R, HERIEV—EAEEZRZLEAL
77

BE—RAHE % 0 TSUBAME OFAERE L L Cid, MHEHE
DY —ERALHEO—EANSRD5, BES—E R34
DERHEZRTHHAT S novice Fo—, BET 7Y r— 9
VEITHF 22— (sas, mopac) ENGHMRD, FAEY—ERIL,
A O LIS X 64 7 u b R &2 FEITARER E R D~
AbhxTy 77— b —ERE BREOE 1 EMOX 2,880
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J/— REEMF A aTRE 22 0 Bl OPEREMRGE Y — E AN G2 D,
NA Ry 74— h Y — B R EPERERGEY — B A ORI %
WRBEHRDBEY THDH, ATy Tr— hF—ERT
Y a 7 ~OHAEGBFEROE Y 1T 7 vt XEA TV,

16CPU 27 %412/ — R bED Y ToHh b 7 a2 5T,
FIRABEDEE LRWIRDY | AT AMUBNRIET 5, Hlx i
16 7t AWM a71F 1 /—K 1 ekwAT64/)—F
WZEWIESNDID B LWL, 1 /—K 8 7’rEAT 2
J—RIZEWIRONDE DB LR NL, 1 /—RiZ 16 7'
TRETRED S THNANE LIt Va7 EETT
5Z Ll olz ) — RICEGUSNO T v ARFEL CPU
RAEY OBENFKAET LN S D, 1 /—FEHD
DOT7avATHATDENAEEIC/RD L O RE&MoEERN
TRETH LN, FD4y, Va7 OEEEMET L, E1T
TOR/FHBRNERD Z &2 b, FI-RA Ty 7 45—
M —ERI2T 128 FutRWHD 1 ¥ a TEETFT LW
BAERAE DL 2 BALME LT 5, 1024 7 ut AAF5I%
FAT L2 16 B &2 FaTZiR4e N 8x b b e i vt
RV, —F, MRS —ERXTIR, Ya T ~0FE
BROE LT ) — FHEALTHY, | TrEATHS DM,

87HEARATHAIMN, 16 7uERATHAIN 1 /— KR
BV Y THN, ¥a 7TOREFW 1B T — R 1
Mg LHESNS, /— FEOFYOED, %4/ — K
I oOFIAEZ O Y a TI3FEEET. /— KO CPU a7x
ATV ERAETHEEIFIHAAMETH S, B &K1 BAL
D 2,880 / — K2, 72 /—F (1152 7rk&A)

WHN DY a 77 61 40 R EITAIRE CTH D, ZDEHITL
T, TSUBAME RZEWVTCW5 L &7 1/ T ARREOHIH
BRI A Py T — b —ERE, BFYa TR
J— Y720 A Y 2 REBICHKE LT DA IIMERERFE
P—E 2OFHAERME L TWD, K412 TSUBAME OHAT
X o —HERE (H19/8/14 BARE) %R,

#4 TSUBAME D47 = —HERk (H19/8/14 LLIE)

M) [EEREAA] o—RELT [HRARDAN
2] TSUBAME (2 X 5% 27— L ~DIRF” Z3FhE L.
R EEA~OFEGERIRIA A E o 72 [5],

BB, NyTF X —LIATIIREHLEAE ) — NZ2LETD 4
J— K05 16 / — FIZKIBIZEC L, FIAEOTY - A=A
h AL AR T O T 1 75 MBI BRETSE 2ok L
776

COXOICREEML CIToME, F0XoHi
TSUBAME 23 FIH S 72222 L NI~ 5, X512 2006 4F
& TSUBAME FIHFE OEIE ZRT, HILKORSHEKE
EWVO R B S6%E AN EDDDITLRTHHN,. H
B2, Bh#sE (B, W#EER) oFAFE SRR (KA K2
&) & kR BT (B, BIEEE) DL TWAHZ 2L,
HOLEW, BhEhi,

5 2006 4 TSUBAME F| & E14

#5 20064 TSUBAME @ CPU Fi| 3

Al 4|5 |6 |7 ]|8]|9 |10]|11]|12]1 2 | 3
1

2; 15|14 |23 | 32|32 |54 |55|38|52]|53|57]60

%= % | % | % | % | % | % | % | % | % | % | % |%

ol queue Num. | {if&
of
nodes
e fE interactive 16 SFEALFRA, 2.4GHz,
32GB RAM
g novice 23 HE M, [E R
32CPU =2 7 LR
H1g besl 118 | 2.4GHz, 32GB, E &,

HiE bes2 118 N hxTy 77—}

1 slal/innol/pinnol | 118 2.4GHz, 32GB, & &),

H1E sla2/inno2/pinno2 | 118 PEREMRGE. N5

H1& sla3/inno3/pinno3 | 60 HRH e = — 277

HIE RAMG64GB 16 2.6GHz, 64GB RAM,
ERM, MEEEMAFE,
W, oA AT RE
o — A7

HIE RAMI28GB 2 2.6GHz, 128GB RAM,
ERM, MEEEMAFE,
W, oI RTRE
o — A7

JHEAE sas 1

SAS FII

A5 mopac 3

MOPAC Fl|

BUTH = — DR KROFEIT, RERLH ATV 235F A A6
7 PEREAREEY — B A (RAM64GB, RAM128GB) BN & 4
REMRAE I T ORI A EEE 72 5 S EF SR8 BSIEE L2
FNEORAERD DX a—2ER LTI ZhH D, T
W& SCERFEE O T seiasx 3t /2 X— 3 VAl

# 512 2006 £ % TSUBAME @ CPU R %/rxd, 22T
HEEHERE VD OMERA RO, 9,10 ADFaRERY
— X 2 ANBEE 3 AL TOREG., Ein, EEimscr
fRDOEENENED Lo TNAD,

CPU FIHHERIDONERIE 69%7A%, GSIC ICL > T ISV T
Vor—varb LTRES T RNnL D, ThbbilH
FORE, FRIIAHERA VA =NV LET T r—y
N Lo THIHENTEY . 31%2 GSIC 1T & - THEEk
SN ISV T U r—a itk 36D Thot, FAHE
OBEEIIBGFICL DT TV r—v 3 VB L THGRHE
FERNZH > TW R Wz BRI S IIRE#ETH 225, W
FTIN—TEN DR - MEEFED . 2R CPU A AR
ODBBLZEDEHD TV IO EHRA SN, K61Z
2006 4E% TSUBAME (2} 5 ¥ a3 7RGl I 4 54
FIAAEY BERT, Va 7 mBoRAETIFHAENK+
GB M x. B »SHEGEBICED b OFFR - #HERO
HETHD LHERIND, —J, BEE ISV 77V r—va
ZB U CIEREM e MR AT L TR Y | 7TiZar g
FRIHZ < 2006 £ TSUBAME %% ISV 7 7Y 7 —3
g VEITEY =T &, K8IZ 2006 £ TSUBAME % §k
ISV 77U /r—3 a3 CPUKMRIAY =7 2R84, W&ED
b AMBER & WO AEKESTFOG T Ial—va T
U/r—3 g8 Gaussian & W) BFALFEHET 7Y r—
g U NEL DY g THE CPU Bffla 5 TW\W5, CPU B
FIZE > TIEHMETOFEZBEBL TWDIENRTND,

This document is provided by JAXA.




106 FHIMTZEOTTE D SRS R G R JAXA-SP-07-016

19 = L;f'””' " aay "Jﬁl” m;éﬁé 6. BbYIz
5 T i [ ] TSUBAME (ZHAMICHERD A —/S—=m B2 —Z TlE
1074 ! . E 7L KR OHFRIEE £ 55 BB D BE O, &
¥ : : ] LIZXHBERDF —EARAT 4 V7 ET, HHEHEME
. ey i ; E ELTOHHWD IT=—ADHLERDNL, [BARD
3 I ! ] A3y ) K& BRI e R Rk - SRR A SRR L X
g 10’ ! ; - 5L LT3,
2 e , ] AR TIE, FITL 2006 4F 4 4 X0 FHAST [F ¢ 32
s 10 - SEIEFRAE « WA AT L] ORGER — H /L~ DD AR
2 = FIUZATONTEY | £F~OT H U2 ML L SSO NEE
10" | i - b, RIEZOREL AT AHE, —H TSUBAME O%
E RaeRHWEbDTHD, =HIZ, OCW (Open Courseware),
10° | EEAPML =V —EAREHINTND, 5%
! Windows O U E— hT A7 by TRFHE RO —E R/ L
" 723, TSUBAME Lt G~ U2 EOFNEHNTEAT

WSE @ P i ST ENEDELTNG, A—Rmar Ea—F L)
B OEAIIE, D 2FIAT 5 EIRIE 2T

elapsed time [seconds] S o s
NI o 25H07ENR, £2%0 IT EJ_ O TCO (Total Cost of
i MEAVRAD (R SIBlSTINS'S N -
X6 2006 4 TSUBAME (2 [ 1) 5 ¥ 2 7 fERGE IR Ownership) OHIfE, & BICILERY — &2 DEFEOHE

KR TV & o
TRRRI AT YR B2 & B RIBHED T EODRIAEAE V2 BEL TS,
PP —— Ect%12. TSUBAME [3fEREAY 72 FE i O FHI 2 i o> TV D,
P Z O E LT 2007 4E 3 HIZ 128GB A€ Y /— K 2 3k,
— A RL— O.S{PB tgé‘gﬁijﬂo@to &fﬁﬁ’\‘ja:z:ﬁ 2008 @i‘%
- - Iz SOOTFlops LSS~ SO A v M)?v\/m iﬁ:&@axp
A ———N (Devetopersbesy FE - VB - AR Z MR LR T v S L— R
AN\ Emmm— THDORESGTHY, HLIIFERETHDH, EHIT,
/ ‘—‘_V‘ _7! TSUBAME O3 « 24 Lo 154y 1X 201043 HETT
e v e . P . N
- — i BB, FDOH%MKkE LTIiL, 1PFlops #hD~ > v & B
— B e TH D, WEITHIEICRY D D700 HFEIZHONWT
— — ST ARABRLDIFA 2 =3y FEREH L THITWEET S
| N AR S PATRAN it
_ _ W NNChem k%b\f%éo
. - = POV-Ray
i B
maEss TSUBAME (& B o7z AFUIAS kv 7026 GSIC X

FHEHTETOEBRE - 2—VFITF 2 kT T. FU¥
—DEHEDOTT# CFEE . S HIZIEH AE HPC TR L

7 2006 £ TSUBAME %% ISV 77U r— a V&

e =T (s ST s Tigim « LFEFEL TWDH 2 ET, ZOEITELS AFH
=7 (2754 FRBER) STH 100 ARHEE 785, MREASIZ Y 720D C 2 A~
mABAQUS AR TERVDOPERITHLN, OEETZOHEEY
CPU time share on TSUBAME in FY2006 2AVEER TEREILZH L R, 4% b TSUBAME OFER~D T
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Prediction of sound effects on a rocket by LEE

Noriki Iwanaga, Hidekazu Kaneda (RCCM), Keiichi Murakami (JAXA),
Keiichi Kitamura (Nagoya University), Atsushi Hashimoto, Takashi Aoyama (JAXA),

Yoshiaki Nakamura (Nagoya University)

Abstract

Acoustic loads are the principal source of structural vibration and internal noise during launch or static-firing operations. The

loads cause various problems, so it is important to predict the acoustic loads on space vehicles such as a rocket. Conventionally,

the prediction has been made by empirical methods. These methods have some limitations, since shielding and reflection are

difficult to be dealt with. To avoid these difficulties, we are planning to use our LEE (Linearized Euler Equation) code and

evaluate the acoustic field to predict the acoustic loads on a rocket. As a first step, we report the results of some benchmark tests

for validating our code’s precision.
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Study of noise reduction by water droplets

by
Masayuki Hiraishi, Michihisa Tsutahara, Shinsuke Tajiri, Keiichi Murakami, Takashi Aoyama

ABSTRACT
The acoustic noise generated by the jet of a rocket launching becomes a serious problem for an on-board satellite now. It has been known
that we can reduce this noise by spraying water into the jet. But this mechanism is not clarified. In this report, we carry out two-dimensional
numerical simulations of interaction between water droplets and acoustic sound by the Finite Difference Lattice Boltzmann method. We
also carry out the simulation for solid bodies for comparison. It is shown that some differences appear in the sound pressure fields between
the two.
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Fig. 1 Distribution of particles in 2D21V model
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Table 1 Velocity set in 2D21V model

i Velocity vector |ci|

1 (0, 0)
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0
1
2
3
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Fig.6 Sound pressure level (Droplet).
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Fig.7 Sound pressure level (Solid).
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Sound Transmission Analysis of Honeycomb Model Using FDTD Method

By
Keiichi Murakami and Takashi Aoyama

ABSTRACT
This paper provides the results of a numerical analysis on the sound transmission to modeled solid and hollow walls in order to investigate
an acoustic characteristic of a honeycomb sandwich structure. The finite difference time domain (FDTD) method is used in this study
because it is possible to solve both sound wave propagation in fluid and elastic wave propagation in solid simultaneously. From the results
of isotropic solid wall calculations, there is the second transmission wave in the case of thick wall model, which is not observed in the case
of thin wall model. On the other hand, the arch-shaped transmission wave is observed in the case of hollow wall model calculation, which

is totally different from that of simple solid wall models.
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Study on Coupled Structural-Acoustic Analysis for Spacecraft

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

ABSTRACT

This paper focuses on numerical prediction approaches for steady-state coupled interior vibro-acoustic problems, especially for spacecraft
structural vibrations by acoustic loads with the wide frequency range acted during the liftoff. Lightweight and large area structures, such as
solar arrays and antenna dishes, and some components with relatively high natural frequencies are sensitive to acoustic loads. Numerical
prediction of vibro-acoustic responses enables us to partially cover the ground acoustic tests, and is therefore quite important to design and
develop reliable spacecraft. For spacecraft vibro-acoustic simulations, there are deterministic prediction techniques such as finite element
method (FEM) and boundary element method (BEM) applicable in the low frequency range, and statistical ones such as statistical energy
analysis (SEA) in the high frequency range. However, there generally exists mid-frequency range where no mature numerical methods are
applicable. In this paper, a novel deterministic prediction method called the wave based method (WBM) is applied to obtain detailed
responses in vibro-acoustic analysis of spacecraft. Then we consider two simple models, an uncoupled acoustic model with a single cavity,
and a coupled vibro-acoustic model with a spacecraft and a payload fairing. Using a 2-dimensional WBM code developed in this study and
commercial FEM software, these models are solved to compare the results. The results show that FEM is limited to apply in low frequency
range, and WBM is quite practical and has high potential for the vibro-acoustic analysis with the wide frequency range.
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Numerical Analysis of Helicopter BVI Noise in Turning Flight

By

Choongmo Yang, Takashi Aoyama, Hirokazu Ishii and Yoshinori Okuno
Japan Aerospace Exploration Agency (JAXA)
7-44-1, Jindaijihigashi-machi, Chofu, Tokyo 182-8522, Japan

ABSTRACT
Blade-Vortex Interaction (BVI) is known to be one of the most annoying sources of helicopter noise. In order to obtain
acoustic waveforms of BVI noise, a series of flight tests was conducted by JAXA’s MuPAL-¢ research helicopter using a
microphone mounted on its nose boom. The measured acoustic data of the flight tests shows apparently stronger BVI noise
in turning flight than in straight flight at the same airspeed and vertical speed. From the flight conditions, two cases, a
straight descent and a descending turn, are chosen to compare the noise pattern with CFD computation and to understand the
BVI noise characteristics during coordinate turns. Trim data obtained through a flight simulation code are given to CFD
computation for two cases. CFD simulation successfully reproduces the tendency of increasing BVI noise due to the turning

maneuver at least for the present flight conditions.

1. INTRODUCTION

Helicopters radiate an excessive slapping noise called
Blade-Vortex Interaction (BVI) noise during approach, and
this is known as one of the most annoying helicopter noises
during terminal operations. BVI noise is generated by
impulsive pressure fluctuations on main rotor blades induced
by tip vortices shed by the preceding blades. Since the
distance between the blades and vortices become small at
“moderate” descent angles, strong BVI noise is radiated
during conventional approach flight conditions.

Many  researches including  experimental and
computational activities'* have been conducted to understand
the physics of BVI noise and to reduce the BVI noise.
However, most of the researches have been restricted to
steady flight conditions in order to simplify the phenomena.
If considering real-world helicopter maneuvering in complex
motion including unsteady or transient effect as well as
pitching, rolling and yawing motions, the helicopter noise
becomes much more complicated. In transient flight
conditions, the unsteady blade air-loads and blade motions
are known to produce dramatic increase of radiated noise’.
During this transient motion, wakes and tip vortices can be
fully unsteady and 3-dimensionally-aperiodic, which also
give rise to significant increase of interaction noise compared
to the noise in steady flight. Because of the complexity of the
problems, not so many researches have been addressed on the
noise prediction of a maneuvering rotorcraft. Brentner et al.®
have conducted computational analysis using free-vortex
wake model and acoustic code to predict the unsteady loading
during simple maneuvers, such as turning and descending
flight compared to level flight. Ananthan et al. ’ predicted
transient aerodynamics of rotor wake in response to time-
dependent blade pitch inputs. Chen et al. * ? also examined
three types of flight maneuvers, namely arrested descent,
turns, and roll-reversal maneuvers using rotorcraft aero-
acoustics prediction model. Munsky et al. ' analyzed BVI
noise with flight path or attitude modification in low-speed
descent. Perez et al. ! extended the cases to other types of
maneuvers using aerodynamic/acoustic computation chain for
BVI noise prediction. Yang et al.'’ analyzed the noise

generated from a maneuvering rotorcraft with modified
governing equations, which are derived for maneuvering
helicopter analysis using coordinate transformation from
inertial (fixed) coordinate into non-inertial moving
(translating) coordinate, then two simple maneuvering cases
were calculated.

The Japan Aerospace Exploration Agency (JAXA)
developed MuPAL-¢ research helicopter, and has been
carrying out various acoustic flight tests'® to obtain basic
noise data for several maneuvering conditions. The obtained
acoustic pressure shows that significant large BVI noise
could occur during descending turns compared to the normal
BVI noise, which is the same pattern as analysis results®'? of
turning flight. For the better understanding of the reason of
these strong BVI noise pattern for turning flight, it grows
necessary to solve the ideal turning flight condition using
CFD to check whether the same pattern appears in simulation
or not.

JAXA has also been developing its own CFD code' to
solve full helicopter simulation using accurate flow solver
and acoustic solver. Some previous researches have shown its
ability to capture the distinct peak of BVI noise for several
problems including active control analysis'>'®. Also the code
expanded its ability to solve the flow-field including tail-rotor
and fuselage configuration including interaction noise
analysis'”.

The objective of the present paper is to compare
computational results with measured data of flight test by
MuPAL-¢ research helicopter to understand the BVI noise
characteristics during coordinate turns. Special focus will be
brought into the phenomena of sudden increase of BVI noise
according to the specified bank angles and vertical speed,
where the abnormal increase of BVI noise happened at
MuPAL-¢ flight test.

2. FLIGHT TEST

2.1 JAXA’s Experiment

JAXA is carrying out a research program'® of three
dimensional curved flight paths to enhance the capacity and
efficiency of small regional airports and reduce the noise
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impact on surrounding communities. JAXA’s research
helicopter, MuPAL-¢, is a twin turbo-shaft 4500kg machine
with a four-bladed main rotor. Table 1 shows its key
specifications of MuPAL-¢. The aircraft is equipped with an
experiment support system comprising various sensors as
described Ref. 19.

Table 1: MuPAL-¢ key specifications.

Aircraft Type Mitsubishi MH2000A

Max. T/O Mass 4500kg

Max. Horizontal Speed 140kt

Engines 2x876shp MG5-110

Rotors Main Tail
Radius 6.1 m 0.55m
Chord 0.40 m 0.087 m
No. of Blades 4 10
Rotational Speed 317 rpm 3500 rpm
Direction of rotation CCW

2.2 Acoustic Apparatus

Figure 1 shows an overview of the nose microphone of
the MuPAL-¢ research helicopter. In order to minimize
installation cost, the nose microphone was attached to a nose
boom which originally carried air data sensors. A nose cone
was used to reduce wind noise, and the gaps and steps
between the microphone and the adapter were wrapped with
adhesive-backed aluminum tape to minimize
aerodynamically induced noise. The measured sound pressure
was recorded at a sampling frequency of 48kHz by a DAT

(Digital Audio Tape) recorder mounted on a rack in the cabin.

Furthermore, a microphone held by the operator in the cabin
was used to measure cabin noise at the point between the
pilot seat headrests. The detail of acoustic apparatus is
described in Ref. 19.

The measured noise includes noise from the engines and
gearbox as well as noise from the main rotor. A main rotor
one-per-rev trigger is necessary to extract only the noise from
the main rotor, and so a sensor consisting of a laser pick-up
and a reflector was installed on the swash plate. The one-per-
rev trigger signal was recorded by the DAT recorder

simultaneously with acoustic data.
|  Body
Main Rotor Shaft || Axis

: Sdeg

Center of Rotor Hub-_________ \

2.6m

7.1m
Fig.1: Diagram of Nose microphone.

2.3 Flight Conditions

The flight conditions for noise measurement were
established as combinations of indicated airspeed, vertical
speed, and bank angle. Level, climbing, and descending
flights were flown at airspeeds of 50-140kt, and vertical
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speeds of between 500fpm (climb) and -1500fpm (descent).
The corresponding flight path angles ranged from -18 to 6
degrees. Level and descending turns were flown to obtain
basic data for the development of noise abatement approaches
using curved flight paths. Airspeed and vertical speed were
the same as for straight flight; that is, flight conditions were
combinations of airspeeds of 50, 70, and 100kt, descent rates
of 0, 600, and 1000fpm, and bank angles of +15 and +30
degrees. Cases with different vertical speeds were flown
successively at altitudes of 1000—5000f1t for the efficient tests,
and many cases were conducted in a single flight, during
which the mass of the helicopter varied by up to the
maximum of 460kg, which corresponds to about 10 percent
of the maximum take-off mass.

2.4 Measured Acoustic Data

BVI noise is known to contain about the 10-50th
harmonics of the blade-passing frequency of the main
rotor.”**!' Since the blade-passing frequency of MuPAL-¢ is
21Hz, the aircraft’s BVI noise contains frequencies between
200Hz and 1kHz. In order to extract the BVI noise, a
combination of a low-pass and a high-pass filter was applied
to the measured data. The low-pass filter was a Sth-order
Butterworth filter with cut-off frequency of 1200Hz, while
the high-pass filter was a 3rd-order Butterworth filter with
cut-off frequency of 180Hz. In order to enable zero-phase
distortion, each filter was applied in the backward direction
after being applied in the forward direction. Figure 2
compares the analysis for measured data. The SPL spectrum
of the filtered data in the middle row shows that the filters
have passed frequency components between 200Hz—1kHz,
and remaining components have been effectively attenuated.
The time history of filtered sound pressure shows clearly the
waveforms of BVI noise, so the filtering is appropriate for
examining the changes of the waveforms according to flight
condition.

Acoustic Waveforms SPL Spectra
E T f Raw 122 ) Raw
e = 10 =
g 2f"\l/\ MA V/ gso . Ilh'M
2 s | V ; "
B s L D, g I n
5 50, 40 ;
) 360 10 100 1K
E 50 Filtered 120 Filtered
" 25} =100
g I W B i
2 oMo lies """.|"L"""""-l’!'”” E 80 L .I Ll
g 25 | 260 A ;
3 5 R (R e 553 B 311
0 90 180 270 360 10 100 1K

Rotor Azimuth Angle [deg] Frequency [Hz]

Fig.2: Comparison of data analysis for measured data
3. NUMERICAL SIMULATION

3.1 Overlapped Grid Method

A moving overlapped grid system with three different
types of grids (blade grid, inner and outer background grids)
shown in Fig. 3 is used. 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 the blade grid and the 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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inner backgroudn grid |,

~ ol

outer background grid |

Fig.3: Overlapped grid system

Table 2: Specification of grid system.

. (XXYxZ)
Inner background grid 70,180 = 14,094,000
. (XXY*Z)
Outer background grid 83x79x49 = 321293
. (chordxnormalxspan) % blade
Bl
ade grid (125x25%95) x 4 = 1,187,500
fuselage 171x21x150 = 538,650
Total ~16,100,000 points
Inner background _
spacing 0.08¢c (=0.0105R)

Table 2 shows the specification of each grid. Most of the
grid points are concentrated in inner-background grid, which
captures the trace of tip vortex during several rotations. The
number of grid points in span-wise direction of blade grid is
considerably increased to model the active flap. The grid
spacing of inner background grid corresponds to 0.1c, where
c is the blade chord length.

3.2 Aerodynamics & Acoustics

A three-dimensional unsteady flow solver’ for the Euler
equation is used to analyze the aerodynamics of active flap.
In the calculation of blade grid, inviscid flux vectors are
separated using Roe's flux difference splitting (FDS)
algorithm, where flux difference across a cell interface is
divided into the components associated with each
characteristic wave with second-order accuracy using a TVD
scheme. TVD scheme is known to be good in capturing shock
wave without adding artificial dissipation. Since Roe's
approximate Riemann solver does not have the consistency
with the entropy condition and thus permits physically
inadmissible expansion shock, an entropy correction is
applied to resolve this inconvenience. For the time integration,
first-order Euler backward scheme is used in the conventional
delta form and the time accuracy is improved by adding the
Newton iteration. A diagonalized ADI method with an
upwind flux-split technique is used in the linearized implicit
part for the discretized governing equations.

In the calculations of background grids, the flux
difference across cell interface is divided using a compact
TVD scheme”. MUSCL cell interface value is modified to

achieve 4th-order high accuracy in the background Cartesian
grids. 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
time integration. The free stream condition is applied for the
outer boundary of outer background grid.

Acoustic signal is calculated by an acoustic code® using
the pressure distribution on blade surface obtained by the
CFD code as input data. The acoustic code is based on the
Formulation 1% of Ffowes Williams and Hawkings (FW-H)
formulation.

3.4 Trim Calculation of MuPAL-¢

Among measured flight conditions, instantaneous values
at “steady” condition are selected to avoid BVI noise
variation due to unsteady pilot controls and
acceleration/deceleration. The periods of measured acoustic
data were chosen by applying the constraints for roll rate,
pitch rate, and acceleration relative to ground as following.

av,

© <1deg/sec <0.1m/sec?

dr

® <1deg/sec’

From the chosen measured flight conditions, necessary
properties such as airspeed, vertical speed, and roll angle are
determined. Then a flight simulation code was used to
estimate the trim conditions, or the blade motion at measured
flight conditions.

The flight simulation code calculates the motion of
aircraft by six degree-of-freedom equations of a rigid body.
The aerodynamic force acting on the main rotor is estimated
using the blade element theory. Aerodynamic coefficients of
the fuselage are based on the results of wind tunnel tests by
the aircraft manufacturer. Small changes of cyclic and
collective pitch angles of the blades are made in iterative
calculation to trim force and moment until estimated
centrifugal force is balanced to achieve trim conditions in
turning flight as shown in Fig.4. As a result blade pitching
and flapping angles are decided, and these trim data are used
for CFD calculation.

Thrust of Main Rotor

Thrust of
Tail Rotor

Centrifugal 3
Force (4

Aerodynamic Forces
on Body

Gravitational Force

Fig.4: Force balance during turning flight
4. RESULTS AND DISCUSSIONS

4.1 Analysis for Measured Acoustic Data

Figure 5 shows the distribution of maximum noise for
descending flight test according to various bank angles. Even
there are some variations in magnitude, we can see the
distinct tendency of noise increase as the magnitude of bank
angle increase for tuning flight. Although wind effect is
inevitable in flight test, the aircraft are supposed to fly as
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steady as possible in order to compare the measured data with
the CFD results. Wind in flight test makes it difficult not only
to control the scheduled flight condition but also to analyze
the measured acoustic data.
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Fig. 5: distribution of maximum noise

Maintaining airspeed constant during turning flight in
wind resulted in change of ground speed, and this
acceleration/deceleration causes the change of TPP angle of
attack. Also the change of miss-distance causes the strength
of BVI noise. It is shown that the wind speed varied between
17-29 knots due to both temporal and spatial variation, and
maintaining airspeed constant resulted in then change of
ground speed. Since the change of ground speed or
acceleration/deceleration causes the change of the main rotor
tip-path-plane angle, the measured BVI noise varies during
measurement. The chosen cases for comparison with CFD
computation are to avoid BVI noise variation due to unsteady
pilot controls and acceleration/deceleration by the wind.
Furthermore, the periods with small temporal variation of
flight path angle (around ldeg/sec) were chosen. Figure 6
shows the measured raw and filtered waveforms during one
rotor revolution in straight descent and descending turn. It is
shown that maximum sound pressure in descending turn is
52.4Pa, and it is twice the maximum pressure of 26.5Pa in
straight descending.

TAS: 107888, V/S: ~511 Slom, Roll seale: 1 Sdox TAS: 104,881, V/'5: ~654 Bfom, Aoll sngle: 30.0de (rght)

" | R |
i A
i- : wp:w{:,‘./w.nm*kf&mwp‘dmw,"w i ] o lm,{;\,.\m. ‘xfjl‘,\fn\af jHlJm “L]lu[

(a) Straight descent (b) Descending turn
Fig. 6: Measured sound pressure for straight descent flight
and descending turn flight

4.2 Analysis on Calculated Aerodynamic & Acoustic Data
The CFD code described in Sec.3 is used to analyze the
flight test in Sec. 2. The instantaneous surface pressure at 4
view points for different flight condition can be shown in Fig.
16. The fight in descending turn keeps 30 degrees bank angle,
which is represented and 30 degree roll of fuselage and rotor.
Figure 7 shows vorticity iso-surface at 3 view points and at
one intersectional plane. Iso-surface of vorticity is drawn at
perspective view (left top), top view (right top), and side view
(left bottom). The traces of tip vortex can be examined by
vorticity analysis along the intersectional plane (right bottom).

JAXA-SP-07-016

S .} -
o P

(a) Straight Descent
w140 .

r

(b) Descending turn
Fig. 7: Vorticity iso-surface

For the better understanding of the phenomena, unsteady
pressure histories at surface point of 3% chord and 90% span
are shown in Fig. 8. The changes of surface pressure are
converted to the change in BVI noise by noise analysis using
aero-acoustic solver at the Microphone position or at a far-
field position. The overall patterns of CnM2 curves are
almost same, which is reasonable from the fact that the flight
conditions are not so much different between straight descent
flight and descending turn flight except the bank angle. When
zooming the azimuth angle range from 20 to 80 degrees
where the mainly strong BVI noise occurs, the pressure
variation of descending turn flight shows stiffer gradient than
that of straight turn flight. This implies the BVI noise of
descending turn flight be larger than straight turn flight.

Fig 9 shows the comparison of calculated sound
pressures for straight descent flight and descending turn flight
at one observer position which is 100R in front of rotor disk.
As expected from the CnM2 analysis, larger BVI noise for
the descending turn flight is captured than that of straight
descent flight. This is the same tendency of measured sound
data, which implies that CFD simulation successfully
reproduces the tendency of increasing BVI noise due to the
turning maneuver at least for the present flight conditions.
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Fig. 8: Unsteady pressure history at surface point of 3%

chord and 90% span
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Fig.9: Sound pressure at observer at 100R front position

Hemisphere of sound pressure
at ’R=1000

] (Max. SP)

Fig.10: Directivity of BVI noise in hemisphere of sound
pressure at #/R=100

One of the convenient way to understand the noise
directivity in helicopter is using a hemispherical surface of
which center is located at the origin of main-rotor (or
helicopter) as shown in Fig. 10. A point on the hemispherical
surface is specified by the radius, r, the azimuth angle, v, and
the elevation angle, ¢. The azimuth angle follows the count-
clockwise main-rotor rotation when viewed from above.
Elevation angle is defined as a negative value downward
from the tip-path plane of the main-rotor. The contour values
on the hemispherical surface represent the peak sound
pressure which is radiated from the main-rotor during one

revolution at the distance of »/R=1000. The peak sound
pressure is obtained from the maximum sound pressure in
one revolution at each point of hemisphere in Fig. 10.

To make the comparison easier, 2D planar views of
hemisphere are drawn in Fig. 11 by spreading hemisphere in
plane. The difference in maximum peak sound pressure
positions and magnitude of sound pressure are listed in Table
3. Comparing peak noise level contours, the peak positions
slightly moved from (y=135°, p=-40°) to (y=135°, ¢=-40°)
by the effect of bank angle during turn. Also the peak noise
increases in turning flight. The reason of noise increase can
be thought to come from the change of tip path plane angle
which gives rise to the change of miss-distance. Vortex
bundling in advancing side can be another reason, but
confident evidence could not be found for the present flight
condition of steady turn. It needs more discussion and
analysis of computation results to find out the mechanism of
BVI noise increase during turning flight. At least, from this
noise analysis, we can confirm the directivity and maximum
peak of BVI noise is slightly changed according to the flight
conditions.

]

£ .
5 60 &
L
-]
2
.
i |
2 .0
Fig.11: Peak noise contours for BVI
Table 3: Peak noise positions and value
case 7 @ SP(Pa)
Straight descent 135° -40° 0.39
Descending turn 135° -45° 0.45
5. SUMMARY

From flight conditions of flight tests by MuPAL-¢
research helicopter, two cases, a straight descent and a
descending turn, are chosen to compare the noise pattern with
CFD computation and to understand the BVI noise
characteristics during coordinate turns. As the results, CFD
simulation successfully reproduces the tendency of increasing
BVI noise due to the turning maneuver at least for the present
flight conditions.

For the full understanding and analysis on the noise
characteristics of the turning flight, more flight test cases
should be compared with CFD computation results of
MuPAL-¢ research helicopter.

Although the test cases are chosen to avoid the wind effect
as much as possible, the measured data include considerable
wind effect. In order to enable “steady” turn with minimum
wind effect, new flight tests were conducted around sunrise in

This document is provided by JAXA.

135



136

FHTAL 2 T B SRR A 1 e

middle of April 2007. Analysis on the acoustic and flight data
for further comparison with CFD is ongoing at present, which
can help us understand the characteristics of BVI noise in
turning flight, as well as reveal the effect of wind on BVI
noise.
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Numerical Calculation of Flow around the Unsteady Flapping Wing

by
Yoshinobu Inada and Takashi Aoyama (JAXA)
Hikaru Aono (Graduate School of Chiba University) and Hao Liu (Chiba University)

ABSTRACT

Aerodynamics around unsteady flapping wings is analyzed by using CFD techniques. Two types of flapping wing are
modeled and analyzed referring to the hovering motion of hawkmoth and honeybee. Multi-block technique is used to make the
suitable calculation grids for wing and body, and the grid-overset technique is used for the interpolation of physical values
between those grids. CFD results show several vortices are generated at the leading edge, tip, and the trailing edge of flapping
wings which comprise the complex flow fields around the wings and a body. The analysis also clarified the leading edge vortex
significantly contributes to the generation of lift. Subsequent acoustic analysis is conducted referring to the CFD results to
simulate flapping sound of honeybee. Directivity of sound propagation is recognized showing strong sound propagation in the

front direction. Consequently, many features of complex flow around the flapping wing and its sound generation are clarified

137

both qualitatively and quantitatively by using CFD and acoustic techniques.
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Fig. 1 Calculation grids (hawkmoth)
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Fig.4a Pressure distribution on upper surface of hawkmoth

wing during downstroke.

Table 1 Wing size and motion parameters of hawkmoth

and honeybee

Span length,

Chord length,

Name R (mm) ¢, (mm) Re
Hawkmoth 50.0 18.30 6300
Honeybee 9.7 2.39 1123

Body angle Stroke plane

Name ((}ileg)g angle (I:ieg) K
Hawkmoth 39.8 15.0 0.298
Honeybee 50.0 0.0 0.244

Re: Reynolds number (=c,, U,/ v), K: reduced

frequency (=nfc,/U,), U, Mean wing tip speed, f:

wing beating frequency, v: kinematic viscosity of air

Fig.4b Pressure distribution on upper surface of honeybee

wing during downstroke.
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Fig.5 Iso-vorticity surface around flapping wings at
mid-downstroke: (a) hawkmoth, (b) honeybee.

(LEV: leading edge vortex, WTV: wing tip vortex, TEV:
trailing edge vortex, BP: break-down position of LEV)
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Fig.6 Time course of lift coefficient during one flapping

cycle: (a) hawkmoth, (b) honeybee.
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Fig.7 Time course of sound pressure observed at different
elevation angles of observer point in the rear of honeybee:
(a) observer points, (b) sound pressure at each observer

point during one flapping cycle.
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Fig.8 Time course of sound pressure observed at different
bearing angles of observer point in honeybee: (a) observer
points, (b) sound pressure at each observer point during

one flapping cycle.
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Radiative Characteristics of Expansion Flow Region
in a Low-pressure Air Micro-plasmajet

by
GOTOH Kiichi (Graduate School of Engineering, Gunma University),
FUNATSU Masato (School of Engineering, Gunma University), SHIRAI Hiroyuki (Gunma University),
KUBOTA Kiyoshi (Gunma Prefectural Maebashi Technical High School),
and TAKAKUSAGI Fumio (School of Engineering, Gunma University)

ABSTRACT

At our laboratory, radiation characteristics of air micro-plasmajets have been studied systematically. Up to the present,
we measured radiation of the plasmajets mainly on a flow axis at atmospheric and low pressures. Temperatures were
estimated with the aid of spectral matching method and Boltzmann-plot method. Rotational temperatures were estimated
5,000 to 8,000 K, and vibrational temperatures 34,000 to 70,000 K, both with some axial variations. Electronic excitation
temperatures of oxygen atomic lines were estimated 5,000 to 9,300 K. It was found that the rotational temperatures had large
difference from the gas temperature based on an empirical formula for a supersonic free-jet, but decreased downstream in the
expansion flow region, and also the vibrational temperatures were much higher than those expected. The present paper
showed the preliminary results of radiation characteristics at an off-axis position in the expansion flow region, too.
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Interference between Tubes in a Two-Cylinder Pulse Detonation Engine

y
TSUIJI Toshiyuki, SHIRAKAWA Shinichi, YOSHIHASHI Teruo
OBARA Tetsuro and OHY AGI Shigeharu

ABSTRACT
The two-cylinder pulse detonation engine (PDE) with a single converging nozzle connected to a automotive turbocharger system was
constructed. It was investigated to estimate the interference of pressure waves between two cylinders and to measure thermal efficiency of
PDTE. As a result, a shock wave diffracted the cylinder arrived at the other cylinder which is in the filling process. Increasing turbine inlet
temperature and operating frequency, compressor output work and thermal efficiency are increasing.
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Fig.1 Schematic of experimental apparatus (Type-A)
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Table.1 Experimental conditions
Operation frequency [Hz/tube] 16, 20, 30, 40
Operation time [sec] 8
Equivalence ratio 1.00~2.00
Fuel fill fraction 0.6~1.0
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Table.2 Compressor work and thermal efficiency

Compressor work [kW] | Thermal efficiency [%]

Type-A | 0.9 0.583
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Fig. 6 Pressure histories of tube B in the combustion stage
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Fig. 10 Pressure histories of tube B in the combustion stage
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Fig. 15 Turbine inlet pressure, =80 Hz
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The Finite Element Formulation Based on Bubble Function element for Solving
the Compressible Euler and Navier-Stokes Equations

by
Shuji Nakajima and Mutsuto Kawahara

Abstract
The purpose of this paper is to apply a stabilized finite element method using a new bubble element to the unsteady fluid flow
expressed by the compressible Navier-Stokes equations to save efficient computational memory for computers. The
formulation is based on the mixed interpolation for a transient term. The main idea of the present paper is the mixed
interpolation of the transient term with bubble function as the weighting function and with linear function as the interpolation
function. The stabilizing effect of the bubble function is effectively used. Temporal discretization is based on the theta method.
The formulation leads to the stabilizing effect and efficiency to the unsteady fluid flow problems and is verified by the numerical
studies, in which, a shock tube problem, Carter's flat plate problem and compression corner problem are carried out. The

present method is shown to be useful for the computation of the compressible viscous flow.
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Numerical study on ligament breakup mechanism due to capillary force

by
J. Shinjo, S. Matsuyama, Y. Mizobuchi, S. Ogawa
(Institute of Aerospace Technology, Japan Aerospace Exploration Agency)
A. Umemura
(Department of Aerospace Engineering, Nagoya University)

ABSTRACT

This paper presents a numerical study on ligament breakup mechanism due to capillary force. In contrast to the classical Rayleigh analysis,
the effect of ligament tip is included to examine the role of capillary waves from the tip. The numerical setup corresponds to a series of
microgravity experiments conducted at Nagoya University. Based on Weber’s similarity law (We~O(1)), a low-speed jet of liquid SF is
injected into high-pressure (9.1MPa) ambient nitrogen and short-wave breakup that is different from Rayleigh’s analysis is observed in the
experiment. The present numerical simulation has reproduced the same pinch-off and shown that droplet pinch-off from the tip is a
combination of multiple phenomena. One is the short-wave breakup. Capillary waves from the tip propagate upstream, become unstable
and lead to droplet formation at the tip. This is a closed and self-sustained cycle. This destabilization process is driven by the dynamics of
the tip bulb and capillary waves. The elongation by the gas flow also strengthens the pinch-off. As the liquid column length becomes longer,
the other mode of long-wave instability also appears. This mode corresponds to the convective Rayleigh mode. Short capillary waves from
the tip reach the nozzle exit and are reflected. They become the source of this convective instability. The present study has shown that the
ligament tip plays an important role in droplet breakup.
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Summary of CFD Workshop using JAXA High-Lift Device Wind Tunnel Model

Mitsuhiro Murayama and Kazuomi Yamamoto

ABSTRACT
A CFD workshop was held in the 44th Aircraft Symposium, Oct. 2006, in order to evaluate domestic CFD technology for civil transport
aircrafts in high-lift configurations. JAXA provided an experimental data for comparison obtained in the JAXA large low-speed wind
tunnel using a half model equipped with high-lift devices, fuselage, nacelle-pylon, slat tracks and Flap Track Fairings (FTF). This paper
briefly presents the experimental model, objectives and test cases of the CFD workshop, summary of comparison, and obtained knowledge

and issues on CFD and wind tunnel testing for high-lift configuration.
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Aerodynamics of JAXA High-Lift Configuration Transport Model
in Lowspeed Wind Tunnel Testing

Yuzuru Yokokawa, Mitsuhiro Murayama, Takeshi Ito and Kazuomi Yamamoto

ABSTRACT

This report presents experimental data obtained in lowspeed wind tunnel testing for high-lift configuration aircraft model JSM (JAXA
Standard Model). Two time of the testing were conducted at 6.5m by 5.5m low-speed wind tunnel in JAXA (JAXA-LWT1) aiming to store
validation data for CFD analysis and to observe flow physics on high-lift system. JSM is a half type model which assumes 17% similarity
of a modern 100-passenger class regional jet airliner. The model is equipped with leading edge slat, double-slotted flap at the inboard and
single-slotted flap at the outboard, flow-through nacelle, in addition, a circular fuselage and Flap Track Fairings (FTF) so that the detailed
flow fields occurring in actual aircraft can be provided. At first, repeatability and sensitivity of the force and the moment data in the case
the detail of the model was slightly changed were assessed as well as the accuracy was confirmed from large amount of data in the first and
the second testing. Variation in lift performances between long-cowling nacelle and short-cowling nacelle was observed with couple of the
measurements and visualizations. The results showed much better stall performances of the short-cowling configuration than the long-
cowling one that was due to less interference between the nacelle pylon and the wing. Boundary layer tripping on flap could clarify the loss
in aerodynamic performances. Finally, improvement of stall characteristics by a vortex generator and an efficient way to decide its
installation location by the application of Kriging based genetic algorithm (GA) on nacelle was discussed.
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Fig.8 Two types of the nacelles.
Left: Long-cowling, right: Short-cowling
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Fig.10 Comparison of surface flow pattern after the stall angle
of attack.
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CFD Validation Study on JAXA High-Lift Configuration Model

Mitsuhiro Murayama, Yuzuru Yokokawa, Kazuomi Yamamoto, Kentaro Tanaka, and Yoshine Ueda

ABSTRACT
In this study, three-dimensional flow computations around a realistic landing configuration deploying high-lift devices with a nacelle-pylon
tested at JAXA are performed for the JAXA High-Lift Device CFD Workshop. Influence on the aerodynamic forces by the turbulent
transition of boundary layer is discussed. Importance to consider the transition is shown for better prediction of the aerodynamic forces at
high angles of attack. A prediction method for the turbulent transition of boundary layer is also evaluated. The capability is discussed
comparing with experimental data. A wind tunnel interference derived from the half-span testing model is also discussed.
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CFD Analysis of JAXA High-Lift Configuration Model

by
Ryo Nakayama, Masafumi Kuroda, Wataru Yamazaki, Kisa Matsushima and Kazuhiro Nakahashi

ABSTRACT

In this study, CFD analysis is performed on a JAXA 3D High-lift Configuration. The main object is to assess and improve the reliability in
simulating the flow around High-Lift configuration. The lift prediction shows qualitatively good agreement with the experiment, but the
accuracy of lift prediction has the matter on account of prediction around maximum lift and lift slope. Drag is estimated lager than the
experiment consistently. Applying UMUSCL, computational results show improvement in lift and drag predictions as result of spurious
drag decrease. Increasing the mesh density, the large separation on flap and both lift and drag decrease are computed. The scale of
separation of flap is sensitive to (especially surface) mesh resolution around flap, and affects wing circulation. Consequently, the pressure
distribution is changed and predicted pitching moment is improved. Using SST turbulence model, all acrodynamic coefficients come to the
experimental data compared to the case of SA turbulence model. These results are also caused by the large separation on flap. The
prediction of the separation on flap is important to accurate prediction of acrodynamic forces.
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Fig.2 JAXA High-Lift configuration model
(left: with clasps right: without clasps)

Tablel Information of computational grid

BF BF R | RERFRABRSVE ISVTEERER
coarse 5.8M 0.17M ;L
medium 13.0M 0.40M |
refinementA 8.6M 0.25M =L
refinementB 7.7M 0.17M mL
coarse 7.6M 0.22M FY

Fig.4 Cross section

e
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Fig.5 Section view of computational grid( n =0.245)
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Fig.6 Comparison of results about the computational scheme

(c) experiment
Fig.7 Comparison of surface stream line and inverse
region at 10degree
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Fig.8 Comparison of Cpdistribution (  =0.56, A.0.A =10.0)
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Fig.9 Results of drag-decomposition
(solid line:Green-Gauss dashed line: Green-GausstUMUSCL)
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Fig.10 Comparison of distribution of entropy based drag
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Fig.11 Comparison of surface stream line and inverse region at
10degree
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Fig.12 Comparison of Cpdistribution ( n =0.56, A.0.A = 10.0)
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Fig.16 Comparison of Cpdistribution among coarse, medium and
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Table 2 Comparison of computational results between SA and
SST turbulent model(A.0.A = 4.0)

CL CD CcM CDp CDf
exp. 1.9931 0.2133 | -0.5929
SA 2.0705 0.2473 | -0.6954 | 0.2271 0.0202
SST 2.0229 0.2429 | -0.6696 | 0.2235 0.0194
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Fig.19 Comparison of drag components between SA and SST
turbulent models(A.o0.A = 4.0)

(a) SA (b) SST
Fig.20 Comparison of stream line and inverse region
between SA and SST turbulent model(A.0.A = 4.0)
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Fig.21 Comparison of Cp and C,distribution between SA and
SST turbulent model (1 =0.77, A.0.A =4.0)
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CFD Analysis of JAXA High-Lift Configuration Model Using Overset Mesh

Taku Nagata, Akio Ochi (Kawasaki Heavy Industries, Itd)
Eiji Shima (currently ; JAXA)

ABSTRACT
Flow around JAXA HLD (High Lift Devices) wind tunnel model is analyzed by RANS CFD method and compared with the
experimental data obtained by JAXA. Unstructured mesh with overset technique is used for mesh generation around realistic configuration
with small parts such as slat clip. It was shown that the slat clip made a difference in the flowfield especially around the edge of the slat.
Baldwin-Barth and Spalart-Allmaras one equation models are used for turbulence model and the former gives better agreement with the

experiment
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Flow Simulation Around JAXA High-Lift Configuration Model Using High-Order
Unstructured Method

Takanori Haga, Naofumi Ohnishi, Keisuke Sawada,
Akihisa Masunaga and Naoki Uchiyama

ABSTRACT
An aerodynamics simulation code using high-order spectral volume (SV) method has been developed, and flow simulations around JAXA
high-lift configuration model were conducted on the Earth Simulator. The obtained results of the Euler computation are compared with those
of a conventional unstructured method and the available wind-tunnel data. The computed pressure profiles fairly agree with the experimental
data on the relatively coarse mesh, although viscous effects were all neglected in the calculation. In particular, trailing vortices from various
high-lift devices are clearly captured even in the down stream region where they are likely to be vanished due to inherent numerical viscosity
in the conventional unstructured mesh methods. This demonstrates that the present high-order unstructured mesh method will be capable of
capturing various flow features accurately while it retains the desired geometrical flexibility. It is also shown that the developed code achieves

high computing performance on the Earth Simulator.
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Generation and Propagation of Pressure Waves from H-IIA Launch Vehicle
at lift-off

by
Seiji Tsutsumi, Soshi Kawai, Ryoji Takaki, Kozo Fujii, and Makoto Arita

Abstract
The generation and propagation of pressure waves from H-ITA launch vehicle are analyzed numerically.
The Mach wave radiated from a wavy shear-layer of exhaust plumes is revealed to be the dominant noise
source. The Mach wave is reflected by the constructions of the launch-pad, then, propagates to the vehicles,
causing the acoustic loads. It also turns out that the acoustic loads due to the Mach wave shows local

maximum value with the ascent of the launch vehicle.
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Fig. 2: Possible acoustic sources generated by H-ITA
launch vehicle at lift-off.
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Fig. 6: Propagation of pressure waves.
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(b) H/D=11.

(c) H/D=16.

Fig. 8: Comparison of pressure field.
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Study on Acoustic Characteristics of Rocket Plume Duct

y
Keiichi Murakami (JAXA), Keiichi Kitamura (Nagoya Univ.),
Atsushi Hashimoto, Takashi Aoyama (JAXA), and Yoshiaki Nakamura (Nagoya Univ.)

ABSTRACT
In this paper, a study on sound propagation of H-IIA rocket plume duct with deflector is analyzed using a hybrid code of an Euler flow
solver and a Linearized Euler Equations solver. Several cases of calculation for modeled jet configurations of H-IIA main engine, 202, and
204 rockets have been conducted. The results of these calculations indicate that sound waves from the modeled duct have different

characteristic frequency according to jet configuration.
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