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* Geometric conservation laws(GCL)

* Thomas and Lombard(1979)

* Arbitrary moving grids do not affect the flow field. In other
words, numerical methods must be able to reproduce exactly a
constant solution on a moving grid.

« Cell volumes must be closed by its surfaces (the surface conservation
law, SCL)

* The volumetric increment of a moving cell must be equal to the sum
of the changes along the surfaces that enclose the volume (the
volume conservation law, VCL)
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* The GCL usually means the VCL. v
* Both the SCL and VCL mith affect the accuracy and
stability of the numerical schemes

* To check the GCL, simulate a constant flow field on a
moving grid.
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Combination of the MGFV method
with elliptic adaptive grid method

* High resolution of shock waves; unsteady flow field

+ Adaptive grid method : Use of elliptic grid generation method (JCP, 1987,
Matsuno-Dwyer;
a(':s +Pr, )+ ﬁ(r,m +qu)+ y(r;g +Rr, )+21<r§ﬂ +2Ar, +2ur, =0

P,0, R :Control function <= Flow information for adationg gridding

+ Applied to a flow field of an axisy ic sonic jet imping: 1t on a flat plat
r Wall
w‘;l_,m Xem14 Axisymmetric sonic jet:
=
ol | 13 po/p. =30, T,/T,=1.0
aeof— 71x76 grid points
Tet X

1

y

Jet impingement : adaptive grid and density contours  1of2
upper: adaptive grid solution, lower: uniform grid solution

Jet impingement : adaptive grid and density contours  2of2
upper: adaptive grid solution, lower: uniform grid solution
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Incompressible flow :
Pulsating flow in the heart

 The Navier-Stokes equation for incompressible flow

Vu=0
a—“+V(uu) —inH/VZu
ot P
* MAC/SMAC

* Apply the MGFV method to the mom;bntum equations written in the
conservative form  ( (x,y,z,t)-E9R 7T Z2 i

* Pressure Poison equation is solved at (n+1) time step with BiCGSTAB
method ((xy,2)-=RITZERE)

Pulsating flow in the heart

« Simulation of a pulsating
flow using the
cardiovascular model which
is composed of the left
ventricle and the aorta

Iso-surfaces of blood flow speed
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Moving Computational Domain approach

Moving computational domain (MCD)
approach

* To simulate a flow driven by a body moving without limit of computational
region size.

« Conventional approach
* Body moves in a computational domain
* Moving computational domain
+ Computational domain with body inside moves in unlimited region

I
Moving grid : Apply the MGFV method

]

Conventional approach MCD approach

Flow around a car passing
through a hairpin curve
* Computational model:_
- 4

R30(s.43L)
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Boomerang’s Flight 1
I explain the numerical simulation of boomerang’s flight.

Computational Domain Conditions of Air and Boomerang
We use spherical computational domain of diameter 10L. We use the following computational conditions.
1oL

Air Density : 1.2kg/m?
Viscosity :1.8*10Pa*s

Boomerang  Length of wing :220mm
Initial velocity :5m/s
Reynolds number : 73,333
Weight :5g
Thickness :0.5mm
Width of wing :20mm
Width of flap :10mm

Flap angle ¢

P91/36

Boomerang’s Flight 2

Computational Domain

Boundary Condition

We use the following boundary conditions.
100

Type : Wall Boundary (Boomerang)
Velocity : Fixed to Velocity of boomerang
Pressure : Neumann boundary condition

BC 1is the wall boundary of the boomerang.
The velocity is fixed to the velocity of the boomerang.
Neumann boundary condition for the pressure.

Type : External Boundary
Velocity  : Fixed to u=) =0
Pressure : Neumann boundary condition

BC 2is the external boundary.
The velocity s fixed to u =v=w =0
Neumann boundary condition for the pressure.

P92/36
7 . ), .
Boomerang’s Flight 3 Boomerang'’s Flight 4
We perform the numerical simulation of boomerang’s flight different in conditions, flap angle, throw angle, angular speed. We show the result of the simulation of case 1.
Computational Conditions Result of Case 1
This figure shows the boomerang and the contour of the velocity from the top view.
Case #1 |#2 |#3 |44
, ooTd . |case #1 |#2 [#3 |44
Flap angle e 10 10 |20 |10 i
p angle ¢ [deg] WYY ¢ [deg] |10 |10 |20 [10
Throw Angle 6 [deg] 60 45 | 60 |60
0[deg] |60 |45 |60 |60
Angular Speed w [rad/s] |44 44 | 44 |66

Throw direction Front view

Top view
Throw Angle 6

Rotation axis

Angular Speed w + X /

Thrower‘ Thrower [
vy y-

Where, the left and right figure shows the top and front view of the boomerang.

w [rad/s] |44 |44 |44 |66

&

O

Thrower

P93 /36 P94 /36
’ . ) .
Boomerang’s Flight 5 Boomerang’s Flight 6
Result of Case 1 Result
This figure shows the boomerang and the contour of the velocity from the front view. of Case1  Topview N
case |1 |#2 [#3 [na

Front view ¢ [deg] |10 (10 |20 |10

o[deg] |60 |45 |60 |60
w[rad/s] |44 |44 |44 |66

Thrower

o |Case #1 [ #2 (43 |#4
. |dldeg] |10 |10 [20 |10
" |eldeg] |60 |45 |60 |60
o |wlrad/s] |44 |44 |44 |66

The upper figure shows the top view,
and the lower figure shows the front view.

The boomerang flies in the arch path,
~  and return to the thrower.

And the boomerang flies changing
o the orientation of the axis

= We simulated
the boomerang’ flight.

Front view

10

P96/36
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Boomerang’s Flight 7

Result
of Case 1 w
w{m

i = o |Case #1 | #2 |#3 |44
4 * < |dldeg] [10 |10 |20 |10
E‘_ 1 . |e[deg] |60 |45 |60 |60
W ; o |wilrad/s] |44 |44 |44 |66
10 5 0

This figure shows the contour of pressure.  High pressure The air stream behind the wing swirls.

Difference of Lift m

There s difference of the lift. Lo\

Low pressure

Boomerang’s Flight 8

Result
of Case2  Topview -
of Case 2 e
- o | case #1 |42 [#3 [#a
* . |dldeg] [10]10 20 |10

" |eldeg] |60 |45 |60 |60
w[rad/s] |44 [44 |44 |66

LS
—O— Y Incase 2, the throw angle is 45 deg.

The boomerang flies higher than Case 1.

o Vot

Axis of Case 2 The orientation of the axis looks upper

3 1]
Fly Higher t IR AxisofCase1  «~ thancasel.
B By the precession, the boomerang flies
Nom e o o higher.

0

Front view

10

P97/36 P98 /36
7 H ] .
Boomerang’s Flight 9 Boomerang’s Flight 10
Result Result
of Case3  Topview . of Cased  Topviews =, )
' - = / "
+ o |Case #1 |#2 | #3 |44 ‘_ " o | Case #1 |#2 |#3 |#a
¥ 4 . |dldeg] |10 |10 |20 |10 - ¥ h < |dldeg] |10 |10 |20 |10
i . |©[deg] |60 |45 |60 |60 x i . |eldegl |60 |45 |60 |60
| ase
/ o |wlrad/s] |44 |44 |44 |66 * ol o |wlrad/s] |44 |44 |44 |66
casel 7 ol +

< Incase3, the flap angle is 20 deg.
The boomerang flies in smaller arch path
than Case 1.

™ The flap angle makes the procession strong,

w .
g _‘A.I- _O_ < Incase 4, the angular speed is 20 deg.

The boomerang flies in larger arch path
than Case 1.

The angular speed makes the rotatory iner
S0 the effect of precession on the boomere

-\._-r.-,.':':.-i-_h, - ;E‘dci:‘v{anges(heorlentanunDfmeaxvs """':\'3'4!{_,* i w gl _ The axis changes slowly and the boomeran
3 /ﬁ\ « Sothe boomerang flies in smaller arch path /ﬁ\ o
Front view - N Front view !
0 ; 0 w0 : 0
P99 /36 P100/36
3 == 4= =t
B AR ATEER
 THUBMZE#IOTONA TR
WhKUyE CFFD A~ - R
- FRATHIMEE
Computational Fluid-Flight Dynamics
MM ZE R A
:'4/
izt B &
BHEROTAFIHR
—F, BT EHERS & BEIRASETRITERIET 5 B RN - R AR E T = Blth, TORSHED
S s FAFSHR(TORS, BROEMR) EBRT IBHIETEERETS
D o Y/ Eae
FANT S ] el W SERER B R R EmER T N EMH A D
RATIRAEFRHE 1 A
iR W .»""';.f/ wars s
) s
EREBE) L T —
RRL, AEL BHE L o '
LLt ] o - 2 —
2 RfE il T huptbankip/verd/ B2 SREHEROC L CATROE N e 1

25y, ARA5—, 5T
ABGHERS EHTICRY ANBFNERLGRITERBE TS

TOrSATELTRERSES

This document is provided by JAXA.




14 FHIML 22T TEBR TR B JAXA-SP-15-013

BZoHe DB DR AFE BpEst

A EEE) ((1F) El¥5ES) (K2
Za—toDEFHAHER FA7—DE— AL HERX
%:f d23+meLB:NB
m, s 1,0, o, N,
p=|mr, |, f= fJ Ly= I‘ua)w og=|o, |, N NW
mi, Jo—mg 1,0, @, N,
m CHE

HARERR

ol 1 - RO BLIE (x,p,72) VB
foffe D HEH (0

¢ L EhmEE R
Lo, 1 EBEE—AUE (3, 0, 25) y)@cf

o, 0,0, @ BERE (0 ) X Zy
NNy N MWD (e g, 2) 105

WK IEIE R LB M EAE s

Clank-NicolsoniZ

BIAERRR, D DIEEERRRN O ERE

Rn+1 _An+an+l +rn+1
A Ry 7L _
] sy i 2 bl
~ EEERT I+ —5=4>
9+ —B=7%>(Quaternion) q =(40-91-9--95)

$OF—B=AL DM % 0 -o. -0, —ollyg
dlg| 1o, 0 -0 o ||qg

dr q, 2 w, . 0 -ollq

9 o. -0, o 0 g

e HERFLITH A"
Gra-¢-¢  Aag-ae)  2Aagraq) |
A =] 200 a00) G-t -4 2aad —40d)
2qq - at) 204 - dd) G -4~ 4 +g;

. . N AR
TAREEENDERL o
ER R
A CERERR CREHES pEE o Woenen(
1"step T
- BRTHEARC, RELEIERABONE N ey
SR BT ARARED

MEBRE A HIEB SRR EEAL

[ mamastn

= — TARSMEHD
HEETIL SAF3HR

M2 a—7gE TERT ST ORSMEMP-51YREV T ERA

P51 VX’SI‘/’)'- [

) NEOREE D
— ADHE K
REEE
T T AAEEROBRERTEA .
o= - TaRSMEHD °o— - TARSHMEHD
TaRSNEER F4F352 TORSO[EER SA4F3HR

51 155 81
TORSEHERFERETETEREHEIL, TORSHOHERESHESZS
AZARBETRIATAVT Aok #BATS

object (P-51Mustang)

Sliding-mesh

RSATFALY Ak
AERAORSAFETREREORMETSFE
REBOLL B

SRlDtL i

FEELORES

Zq Sy Y. RILICBET BRI OB

HEETL
=
computational ghosti = 3s Sy iR RER
. 7
=RIT domain jei 4 BERLORRE

o o
I 13 e TORSHEHD 5 45 A TORSHERD
ENE DR FLFIHR R DEAE HAFIHR

BEGRITEHO S (LA LE

http:/fjawikipedia.ore/

REKFER

REKFEHROCYORAYICEEGSEHETRRERE

LAy FH— 5

This document is provided by JAXA.




BATIRIRAR ) Fal /S 332 T B 2 b — S a Fifr s LR o w LG SR

15

E o TORSHZED
ENE DR D/\;;Lﬁ';x

ALY N\ RBEEFiE

REEFOLEME, ZRMEFERLYNARELTRISE TR FORER A AR

TaRSHZEHD

AETARSEYTF S4F3HR

IL—FOEYFEBEFICERES EEBHICINKLT, TARSOHEEEHD
ERBFERICTRLYNRRBBRFEEZAND

REETF RS T (M)
WEHOBEIHSRE  ZRBTFOER

REBTFOERILDALETARSEVFDEH

TRy MRIT

YIalb—vav

Y= a—/N(AZER A ED)

FERGHEFEDGAELTUTDIDOR=a—OBRERAHA#D

Iirara—iv

a—Ju

[ Suo—n @EHSERD |

O—)L+EvF7v7

ttp:/fjawikipedia.org/

= FHERYMRAT
e vsicif/ag

EvF7vT
~
!
-
™ - 2B HERBEELEA 15— A TIXBRTERL
HEETILORERF(EHR68,255)
115 116
= TR Y MRAT = TRy MRIT
STESMH SRalovay SHEEH SRl v
WZERET |_EaEiESES
0.45(551km/h) THAITEHERITSE K&
BEREH

BED
ZAFHYRRD25%DEIE (25%MAC)
BEMHE—AL
IVUY, BBV, RN SERESN LR ELTE Y .

SMRRR ) UER
PARE  REER
SRASARE : ASAREREH
BHREDIEE
1< 100 FEIEAE

1> 100 HY=Za—/N\IZRLCT-igfE

B ORSOEER

+TL—RSESEE 0.7
RATEEISELTRAENNBONDTORSEVFEEZD

ATEER

TR\ MRIT
2alb—vay

FTHEIER

BT)lOoro—)L
KEILOY=—HINEY

Angle of control surface(deg)
§

e o= o oo o
Time R,
BEROEL(AN)

TNRY g st S

This document is provided by JAXA.




16

FHIAMZE

e B RS BIE  JAXA-SP-15-013

THRNYRIT
YERalb—vav

SRR

BT)0>o0—)L

TORNYMRIT
Yialb—vay

REIER

BT)0ro—)b

O—JLE—AVDFEE

800 T 0.1
700 + Pli{t(i):lli o C/‘@ _ 0.08
w600 Yaw — z 0.06
) 51
'% 500 + 5 0.04
B 400 | _ g omyt
[ ez S oy
5 L C,: A—LE—AUMRE
;3 200 g -0.02 Cy S,
<100 + g 004y 4| Cy: EvFE—AUMEH
0 ———— ———— [al -0.06 ¢ Q\ BRICEAO—LE— A FORE
-100 -0.08 !
0 50 100 150 200 250 300 350 400 450 0 50 100 150 200 250 300 350 400 450
Time[-] Timel[-]
— E—AVMRROBREEL
= gt THONYMRAT =y gt THRINYRET
ﬁ'fﬁﬁ‘n% YEalb—iay ﬁ'i'ﬁ%n% YEalb—iay
BT)Lora—)L WEHIRY [ N -TT3-75)
S
k1
g o
5
s
Qs
2
T TR R e e e o= om G0
Time EEF mER
BREOE(L (AN
ETLOVOENSTH | .
ILAVOBEIZE>TERDENR A ZEL - -
@ a4
Ay IUR—— + 55—

251 Km/h iy m

TR MRIT
YEal—av

FTERER

THORNYRIT
YERal—iay

FTEER

Y DB (XYZZ2R)

TARSEROFEEERX, TATOHREAVHIHLRE

W/\LLA—)L

Angle of control surface(deg)

P |
# ¥
LI

*

TAAY  pyR—g—t -

MIR-EBER, HIUMERDORITAN=XLERY AN

KET)OY=—ATILAY

—0 zLa—s— ||
—0 &TARY

6EMHENTIONYIRITERE

FSRILTSADTONAT EL TR
Time
BROEIL(AR)

s

EEAER (HN)

KRRAT
YIalb—vav

FTEER

KBRAT
Y2al—vay

tREIER

BB RIS LD RIT

NLLO— USRS BiBER

LUEsil
-7

&

A
HAREDCPIE
N ORRREC L KR

SR (W)

STLLAN T A 17 QfE o
WAEOEREI S SRAT FNBOBBEEMET D

DIZALLNSIER

KEICEoTAVIA—LERNEZT D
MEHOERHZEE

MEHRDEHRAEEZICHATED
D7 ILEA LOKETFRIE>T
RERITOBYMAHRFTES

EEOFEE EEARTUULDE-FER
(Qff) DEEE

[ FaRSOEES SR, EEAORE |

This document is provided by JAXA.



EATRIEAR S Rl e/ 33 AE F B S o b — o a BT AR oy LG SU

= RIERAT
STEHER SRalsas
WK RARAT ¢ -~y ¢ smmeanconE
. G ¢S §: xEEH
Broim Cd - RAE#
= 06 m a B
& Cs EHRM
& 04
< REF RS- TRERITORBA S TES

[V
0 bt ALY
T
-0.2
0 200 400 600 800 1000
ILAR—4—LIf Timel[-]

EHRBOBMEL

HEHYIZ

c FEERICHT HRF—L FICHHERMBEITHEL X —LEL

T EFOBBEREEALL TRALE-BERFERATEEEN

- BERTARAEEL, BE-ZEMEH—LI4RTEROa

O—LRY1—LERAVTERLSNTNS=0 . EFLILDEmM-
BIBRASETRE T, RERAERAN AT RE

c BB TFARETUEZ LV RIEMZEH IR0 < OMYMEH

RN,

+ AVE1—RITL B HIER MR (CFFD)DATEEEZLOHE =D TIX

T

- ALk /\:Ll/—/a/(ié"\f/\/:I./J:‘Cm,ﬁtﬁ}iﬁ’c av

Ea—SDFERICEHS !

This document is provided by JAXA.




	SP-15-013 6
	SP-15-013 7
	SP-15-013 8
	SP-15-013 9
	SP-15-013 10
	SP-15-013 11
	SP-15-013 12
	SP-15-013 13
	SP-15-013 14
	SP-15-013 15
	SP-15-013 16
	SP-15-013 17
	SP-15-013 18
	SP-15-013 19
	SP-15-013 20
	SP-15-013 22
	SP-15-013 21



