{0{0

!

80
K

SEl=, oM S, o

2020.11.19.













iteration

Adaptation 7|

¢ Adaptation 72

HEY 78 slMe B2t 288 SA0 =017 ¢l 2HEA H

71" (Spatial Adaptation)} Timestep =% (Time Adaptation)
+ Spatial Adaptation
S oM +HsHE 7|He 2 HEAH XH3o| Had ntofstof ¢
Octree 7|%Fe| EHA - 332 o|&3to] 2HE F7l/HA &0
+ Time Adaptation
HH Y 55 M2 HZES Time step 4780| 1 58

Physical Errore| &S EM5l0 Time step= XISH22 =H

-

i

o

7|2 HHEA Md N step & Sl
- .
RS IMS Solf +Hdll == N+1 step 95 M
- s
HEA 30| st HH ot 2 step Zt°| Error H| 1l
- s
HEA M3 7|'HS HE0510f M3 HHEA ‘44 PI H|0] 7' H2 2 time step =F




D2zt 7|

¢ 24X oM 7= &7
AR SN 7|&
AXte| 7i'H S AFESHX| d, HET

r=3
a =

=& 43X 7i'go| 87| W20 & ALt BF 4d0| FE - A&t 7hs

7l C

SHet do|L oh=H ZH 4l 230| EMstE 24X
X

Unstructured mesh Meshless point system



¢ FAX 68N 7= 20
HAXA 2t FAXA Hw

AXH A= =87t =5t o] SSHAL HER= FR, AR 1Y 20| &

=
AR 48 aPgollM 2 AlZHo] &2

0=
N
ofr

ofojl #koll FAXIA = ZXt 7ii'Eo| glo] He| HZE EEL o|8shy| W20 75 Al S4H
MY 8ok gt SN 7hs

mjo

mpEtM FZAXF s 7|H2 of o FrHiet Z2 =87t 20 A= LEHo|M CiEF o] E XSt

73 A SY2 i SHol| Y SolloFst= ARt 71we] ol A 7| Bt XtS o] FE|

— 8o iy 7ts




0|5 =M sy 7|

¢ 4% EH olF 78
6 At7=2| SXUS uEfet HIEY 73 oY
M ALSEIE HIYKIEL SXUS 2ASLY| YT 6XIRES NS HE AM 7|HE £

At 3E0 HE

Translational, Attitude motion 2 AFS 2|5t Newton's law 2} Euler's LawE 0| 23510 H &

S A
il A
MO'S'I!U:? 2: Euler's Equations Newton’s Equations
th —ore : : dw T
4 Ol‘der %:ﬂu(bl+mm)7g._2(b2+m52)7u-_3(b3+m33) # .g—w—qu ”‘%Z‘;s tiag
£=ﬂ2:(b:*?naz)+ﬂ22(bzerEz)*ﬂza(ba+?"53) : jgt SpwoTew m t23g
%:“?dtbl +mpy) + aga(by + mpz) + aza(bs + mas) . Tqp TPy * +:339
_ | Kinematic Equautions
—— - —— —_—— = o —
LCLTERER | Forces & Moments | 3 o)
Meshless | IEEEEEE T RIS S ”ddt Z(qu 992 = 793)
aqz
Flow Mo = 24 H A : Car _E[ Pa1— qqz — 1qz)
Solver & o= St SHA U : : %=%(—Pq1—qqz—ﬂh
Attitude and position
ClEl ol EEA o 3| E 0]
off H[AH | AbMl 2L K| A At




J0
ofn

OF
X

1

o2

620500
190441
260294
230147
100000

r

3 ols o

ikl

6X}9= Dynamic Eq.22 &

Connectivity X

o 78

freestream

- T e
° °
e o ®oq
° o,
* o o ....
®e
°
e o o *eea, ‘
e
e o o ®e
. e
* e s ®ecee
<
00.. ® 20000«
L J
e o
% S oo IR R XY
o .
‘ eoe
LI . o .
® e
AL A g Y La00®
1 s

U




= AL




N
A
2

S =1 : Euler Equation
& : M-AUSMPW +
A

A - 3rd MLP
AMZHHE .

e
oI
S SRR
S S S ey o e e
SSESSSRSRS
A A SN e
SIS

k¥

SEEEORS

Sy e e ST L aw VT YAV
T R A T LR
N

PRRDERISERRS
SRS SR N

A
i RRSERISN
ggygm‘g‘ AN Oy

TV Yav v %)
YLy avAY ey
PO AT
A )
YAV 5‘ T

TANANy
Vs?i;‘
FHS
v

iy,
iy,

RIS ISECRRER]
SRR oL

Vv
i LIS
P g g
I S A LT A o
Yo PR
aYani A
S P

75

ALY,
EVATAY
AV,
VAN

TNAVAVAVAY
ANV
ANENRY

SR
SN

£
AT

¥
1§§
2
Ay,
T

Mg 7|y

EH
=

11

: LU-SGS & Dual Time Stepping

Operation
condition




<0 level adaptation> <1 level adaptation> <3 level adaptation>
313,532 7| 783,495 7| 3,629,915 7|



= AL




Az HE 718

@ Step Size Controller

Standard Controller

Tolerance®} error r,, H|E& 0| 835}0] stepsize h,, =8

tol 1

h, = Y(E)E hn-1

Pl Controller

7|1E Lol PIHO 7Y HE

tol

hy = COM (D P Ry

Log tol

Controller
Ge(a)

Log h

Process
Gp(Q)

Logr

14



Az HE 718

€ Comparison of Step Size Controller
Standard Controller

tol 1

hn, = Y(E)E hn-1

logh, = logh,_, +% (log(y* tol) — logr,) P It can be interpreted as Integral controller with k; =%

logh, = logh,_4 + k;(log(y* tol) — logr,)
Pl Controller

tol n—
hy = GNP hy

logh, = logh,,_4
+k;(log(tol) — logr,)
+k,[(log(tol) — logr,) — (log(tol) — logry,_4)]

logh, = logh,_1 + k;(log(tol) — logry,) + k,[(log(tol) — logr,) — (log(tol) — logr,,_4)]

Integral control means that h, is changed such that offset between tol and r, is zero.

Proportional control works so that the difference between tol and r,, becomes 0 when
there is a change in the size of r.

15
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6DOF Equation & Runge-
Kutta 4t Order

freestream
U

17
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Azt HES 718 24

# Step Size Control for Dual-Time Stepping
The Closed Loop Using Pl Controller

h, = (—)k’( Tn- 1)""hn 1 Logto'l Controller | Log 'h Process | Log
Ge(Q) Gp(Q)
k; = 0.175, kp —0.075

Error can be easily defined with any scalar value Ex) p,p,T

1
(f(en_en—l)zdr)E
Th =

[ 62dr

0=ppT..

Application to Dual-time Stepping

0
—Q=—R(Q)
[—+R(Q)] —R*(Q)
oQnti 1[ pp+2 . pp+1 1 » hy,_q
- _ |2 _  _nn e nn n —R n+1 = R* ) —
Jt hy pp+1Q ’ pp ¢ pp(pp+1)Q @ @ PP hy

18



Azt HES 718 24

€ 6DOF Equation & Runge-Kutta 4t order method

Difficulties in time adaptation application
Stability region is clearly limited in Runge-Kutta in contrast to LU-SGS
Rigorous selection of Pl controller coefficient must be done

No scalar value which can be used in error definition
Analysis for the equation itself must be done

System equation

“1[2M, + L,,(Q% = R?) + 1,,PQ — Ly RP + (I, — I,,)QR

P Lex _Ixy —l5y
Ol= "Ly Ly —lyz| [ZM,+1,(R*—P?) +1,,QR —1,,PQ + (I,; — Lx)RP
R lox —lyz Lz IM, + I, (P? — Q%) + I,,RP — I, QR + (Lx — I,,))PQ
U VR —WQ1 [9x] [F/m
v|=|WP —UR|+|9y|+ |E/m
W uQ —vel Lol |E/m
do 0 —p —q -T1[%
af|_1fp 0 7 —q||ln©
qz 2lq —-r O p |92
qs3 r q -—-p 01193

19



Azt HES 718 24

@ Step Size Control for Runge-Kutta

M-stage k'* Runge-Kutta method

Yll = f(tnryn)r Y; = f (tn + cihn» Ynt hnz al']'Y£>

Yn+1 =Yn t hnz b]'Y],':

thy1 =ty +hy,

eni = hn ) (b~ B)Y;

llenall
Tne1 = 1 llensall
hn

+ Error Analysis

Provide transfer function for Process

error per step(EPS)

error per unit step(EPUS)

If h,, is small,

Yn+1 = P(hnl)yn» €n+1 = E(hnl)yn
Tn+1 = ”¢n”h£(u ¢n = yn)lpe(ko + ":1hn)L + )

logr, =G, (q)log hy, + q 'logll¢,ll

Gpl (q) = kq_l

If h,, is increased enough to approach stability region,

€n+1 = E(hn)l)yn = E(hnA)P(hn—ll)yn—l

P(hn—ll)
_E(hnl)wen o
h 1 /h 1 —C1+C2
=p(h/1)<—"> (" ) e
S hs hS n
Ciq+C, —C
log r, = G,,(q)(loghy, — loghy), G ,,(q) = — q(q - 1) 1

20




@ Step Size Control for Runge-Kutta
The Closed Loop Using Standard Controller

Logtoll Controllerl LOQ.h Process | Log
Ge(q) GP(Q)

logh, = %ﬁ(log(yk tol) — logr,) P It can be interpreted as Integral controller with k; =

tol 1

h, = Y(r_)k h,_4

n

q
-1

loghn = GCI(Q)(log tol — logrn)» Gcl (q) = kI q
logry, = G (q)log tol + G (q)logl| gl

If h,, is increased,

If h,, is small, Gto1(q)
ki((CL—1)q+1—-Cy+Cyp)

kk, q-1 T+ (—2+k(Ci—1)g+1+k(1—Cq+Cy)
q—1+kk, q(q — 1+ kk)) | Go(q)

Gtol(q) =
_ (@q—1)((C;—1)q+1—-Cy+Cy)
g2+ (=24 Kk (C;—1)g+1+k;(1-Cq+Cp)

21
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@ Step Size Control for Runge-Kutta
The Closed Loop Using Pl Controller

LOgtoll Controller | Log Ih Process | Log I
tol i, -1~k Ge(q) Gp(q)
h, = (r—) ’(r )*Ph,_4
n n

q _ (k;+kp)q—kp
Sithe=—

logh, = G:;(q)(log tol — logr,), Ge2(q) =k q
logry, = Gy, 1(q)log tol + G(l)(q)lo.g”d)n”

The denominators are given below
Gp1(@): q* + (=1 + k(k; + kp))q — kkp = 0
Gp2(@): q* + (=2 + C1(k; + kp))g* + (1 + Co(k; + kp) — C1(k; + 2kp))q
+kp(C1 - Cz) = O
Gp3(@):q* + (=2 + (C1—1)(k; + kp))q* + (1 + C(k; + kp) + (1 — C1)(k; + 2kp))q
+kp(C1 - Cz - 1) == O
0.3 0.4

ky=—, kp=—
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@ Step Size Control for Runge-Kutta
Error analysis of system equations

dy
Y = T F(t;Y), with the initial valueY(a) =Y, (a <Y < b)
Y1 [1E&Y1LY2, 0 Ym)

, Y(t): exact solution
Y = }’2 ,F(t, Y) — fZ(tJyli:):’Z! :ym)

Y,:theoretical solution
Y,,: computed solution

Ym fm(GY1, Y2 0 Ym)
n+1 Z y] ] n+1 Y +—= Z y]K + R
K; = F(t, + 6,-h, Y; + hé; K;_;) K; =F(t, + 51’1' Yo +hé;K; 1)

We can get the error by subtracting exact solution from computed solution.
Y1 —Y(tpi1) =Y — Y@, + h)

h ,
=Y, —Y(ty) +¢ X1 vi(K; — K@) +R
h .
€hi1 = €, +g Z}Ll)’j(Kj — K@) +R

23
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@ Step Size Control for Runge-Kutta
Error analysis of system equations

h .
€ns1 =€n t+ 7 Yi1vi(K; —K(G)+R

Assumption 1: F(t;Y) is continuous function of Y in the interval
Assumption 2: Jacobian matrix (g—f’i_) exists in the interval whose endpoints are Y,, and Y (t,,)
J

K, —K(1) =

K, —K(2) = o {E+

h

2

of; h

K; —K3) = L {E+E

o {E+g(g§;>{E+§(Z§j){E+§(Z§§>}}} o

24
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@ Step Size Control for Runge-Kutta
Error analysis of system equations

€n+1

e 5 {(G) <25 25+ G+ G ) G+ o) )+ ) o)
_[E+6{<ayi>+2<ayi>+2<‘73’j>+<03’j>}+ 6 (\9y;/ \9y; * dy;/ \9y; * dy;/ \9y;

25



@ Step Size Control for Runge-Kutta

Error analysis of system equations
4 (4
8,1 = z Z kvle, withK=TYT

V!
v=0

I matrix Jis full rank, If matrix J isn’t full rank, matrix J cannot be diagonalized.

' ' nal . .
Matrix K become diagona Some other way must be considered for transformation.

(hp1)?
V!

0 Stability region analysis is based on complex plane.
But, complex properties come from eigenvalues only.
ent1 = : : €n matrix ] € My(R)

v! -> matrix K may be transformed to Jordan form

decomposition exists when minimal polynomial is
completely decomposed into linear equations in F(R).

n) For a matrix on a general scalar field F(R), Jordan
} X C

26
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@ Step Size Control for Runge-Kutta

Error analysis of system equations
Transformation to Jordan form

matrix K has submatrix in the leading diagonal

‘K }
11 . 0 p; 1 0
12 . .
Ky 0 b
| 0 ... | l

The number of K;; = The number of independent eigenvalues
K;; € M;(C),l = algebric multiplicity

v -1 v v—y+1 |
o (ot o ()0
4 v —y+2
~ hv v ~ . v 0 pg' (y — 2) Z’ v
i1 = Z ;Kay en with K, =
v=0
| 0 134 |

27
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@ Step Size Control for Runge-Kutta

Error analysis of system equations

Transformation to Jordan form(contd.)

4 (hp)’ h3 (W)’ Rz (hpg)¥ 4
p=0" o T Av=0" o S Av=0 %
0 4 (hpg)Y '
v=0
(hpa)®
] 0 =0
€ny1 = :
4 (hpo)®
v=0 4
0
y-1_ . 4-j
. _NPN (e, . e
€i(n+1) = ]—' Te(”j)'" with(i=1,2,..,7;,0<j<4)
j=0 " v=0 '

28
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@ Step Size Control for Runge-Kutta

Error analysis of system equations
o _
8.1 = Z;K” e, +R

v=0
Homogeneous solution

vy
é, = diag <{Z%} ) x C
R —1hJ w4—j (hps)?=
Gy = D J (hpo)

j=0 T Zv=0"pr—C+pmn With((i=12,..,y;,0<j=<4)
Particular solution

29

[ { (hpl)v}”'
€11 0 v!
e, =T :

(hpm)v}"
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@ Step Size Control for Runge-Kutta
Error analysis of system equations

{Z(hlpu)} {Z(hn 1P1n- 1)} 4
) e

-1

Runge-Kutta 4t order method for system equations is said to be stable when

{Z (hﬁ‘) }IS in the unit circle in the complex plane.

‘ (hpy)?

<1
v!

Stability region
Stability region of RK4 for system equations is similar to that for the 1D ODE.

nRe 1% Axis
1 wm % s
Vd

7 [LIA LA R
Lns -2

THE STABILITY REGION FOR THE
ORDER RUNGE-KUTTA- METHOD

min % emF lu
is

STABLE

;
P | e | W | hnadiy
]

{AEHLK KA LRIy
-1

Wi (5

A |
FOURTH

30
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@ Step Size Control for Runge-Kutta
Error analysis of system equations

(5 (o) ][5 (nmsfrn-s)
BEE [ncs & e | RS
0 ol ) (5 g\

i corresponding to the maximum error(€ygy)

1. It is mathematically reasonable to control the stepsize with r,, which maximizes |Z(hp)

rather than based on e,,,,

2. Process transfer function for 1D ODE is identical for system equations
=> Controller coefficient k;, k, for 1D ODE can be used.

31
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® Determining Controller for Stepsize Control

The Closed Loop Using Pl Controller

tol n—
hn = M (2 P hyy

LU-SGS : k; = 0.175, kp = 0.075

Runge-Kutta method : k; = 073 , kp =—

Prevent unnecessary oscillation

r2 ( o 2)
Ay
hn hy
= < ELSE
M1 | hnos
hn
1 (1< <1.2)
\ hn—l

32

Log tol
--'»

Controller
Ge(Q)

| Log h

Process
Gp(q)

(k = O(leading error))

Log r
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€ Application to 6DOF Equation
Jacobian of 6DOF Equation

J11 J12 J13 0 0 0 0 0 0 0
J21 J22 J23 0 0 0 0 0 0 0
Js1 J32 J33 0 0 0 0 0 0 0
0 -w v 0 T —q 0 0 0 0
w 0 —-u -r 0 P 0 0 0 0
j= -V u 0 q -p 0 0 0 0
2 8 0 0 0 0 R
2 2 2 2 2 2
Q9 B3 9@ 0 0 0 p 0 ! _4a
2 2 2 2 2 2
a4 o _&1 0 0 0 q r 0 p
2 2 2 2
_ O 9o 0 0 0 r q P 0
2 2 2 2 2 2 ]

Jk1 = a1 (rl1 — qlz1) + ara (2plzy — rlyp) + ags(qlin — 2pl21)} + {ak2l32q — rslaaq} + {aklz3r — agslysr}

Jk2 = {—=ak1lz31p + ayzly1p} + {axs (1l — 2ql33) + axa(Plsz — 11h3) + ar3(2qli; — play)} + {—ak1lz3r + agsliar}

Jiz = {ap1lo1p — arz2li1p} +{ak1l22q9 — aral12q3 + {ar1 (2rlz3 — qlzs) + ago (plss — 21l33) + ags(qliz — plzs)}
K =12,3)

33



Result 1. Fixed flow

€ Time adaptation in fixed problem

siM 2™ Al : Euler Equation

A
37t X2 : M-AUSMPW +
S7F Li 4 : 3rd MLP

AI o

: LU-SGS & Dual Time Stepping

e
e esees s
VLTSS
PN AN

SISSRER

SISERRT
=

“E‘L
ALY
ol
i
/Y

e

S
SRR
(U
o

Yy
%

Operation 22 (K)

I
s
o,
Xg
i)

‘
\
o

condition

Al
£
b

0

Ay
4
{3 Ap, &
%ﬁ'
oL
Y

300.0

SRR LR R
5 ;gyﬂ‘ K]
|

AT AAYA
A AT viva
LRI

K Sy <
AT N AT TN
RIS RR L

I

i
i
i

tolerance = 1073 & Starting DT = 0.05

5V
e

vt

e a2
AT
A
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Stagnation Cp

Result 1. Fixed flow

€ Time adaptation in fixed problem

2.3

22

21

- - -
~ Qo ©O N

—_
()]
O=I\I\\I\\I\I\I\\I\\I\II\\II\\IIIII\II
]

Adaptive
Reference

Stagnation Point Pressure Coefficient

35

dt
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Reference
Adaptve

Time

Physical Time Step Change



Result 1. Fixed flow

z

L

Adaptive, t=3.84

. P

530000
490000

450000
= 410000
- AT0006
- 330000

290000
250000

- 210000

170000
- 130000

90000
50000
10000

Pressure Contour
[Adaptive]

€ Time adaptation in fixed problem

36

z

L

Referepce, t=3.85

. P

530000
490000
H 450000

410000
= 370084
| 330000

290000
250000

210000
= 170000

130000
90000
50000
10000

Pressure Contour
[Non-Adaptive]



Step

Result 1. Fixed flow

€ Time adaptation in fixed problem

aa

45

40

35

3a

25

20

13

10

Reference
Adaptive

Time

The Number of Calculated Timestep

37

16 Step .vs. 114 Step

- 7 times more efficient



Result 2. 3 equations

€ Time adaptation in system equation

y1 = —0.04y; +0.01y,y3 y1(0) =1
¥, = 400y; — 100y,y; — 3000y  y,(0) =0
y3 = 30y y3(0) =0
J=1" 400 —6000y, — 100y3 —100y,
L 0 60y 0

Y1
Y2
Y3

0l
i y1 : Almost 1 in most areas
y, : Very transient in the beginning

y3 : Increasing almost linearly

¥1,Y2,Y3
o
2]
T

04

02

. | IR SR —— — — —
0 0.05 0.1 0.15 0.2 0.25 0.3

38
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Result 2. 3 equations

€ Time adaptation in system equation

0.000001 0.00001 0.0001 mn

5.92E-17

.iJ

P IR 1 - |
0 0.05 0.1 0.25 0.3

Reference(dt = 0.000001)

I TR R
0.15 0.2
T

L ’,_._,mmmmfuuummn LI TARITR -

0 0.05 0.1 0.15 0.2

]
Reference(dt = 0.0001)

R1

R3

R1

R3

E 1 n L L L 1 L n n 1 n L n L 1
0 0.1 0.2 0.3

T
Reference(dt = 0.00001)

SCH B I B -
10 0 0.05 0.1

1
Reference(dt = 0.001)

RN RSN SRR
0.15 0.2 0.25 03

39

R1

R3

LOG(error)

-
<

-12

14

-16

1.73E-12 1.62E-07 2.15E-2
- slope=-4.8654
B T Sy . T

LOG(dt)



Result 2. 3 equations

€ Time adaptation in system equation
Starting DT = 0.000001

— log(tol)=-2
— log(tol)=-3
——  log(tol)=4
= —  log(tol)=5
[ log(tol)=-6
= — log(tol)=-7
B — log(tol)=8
B —— log(tol)=9
oL ﬂ?\x sV 13 A5 SN 15 N /o S > S 13 SR\
10"
o | P
E
-
107 |
-5 |
10 :r | | Ll I | I | I | | I L L I L Ll I | |- I |

]
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
T
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Result 2. 3 equations

€ Time adaptation in system equation
Starting DT = 0.000001

R1 R1

R2 R2
R3 R3
10" 1
10% - v
107 ool I
2.10'” - E.ml B
& B
x z |
T o f Reference : 300002 step
w0t TOL 107° : 640 step
[ ISR SN SNRTETE SR SSTE R 10-‘_ 1 PRI ENSENENEN ENRVENSNI INSNAENE SYSTETIE SVSTRTETE A T0L10_7:309 Step
0 005 0.1 0,11_5 0.2 0.25 0.3 0 0.05 0.1 (],.;_5 0.2 0.25 0.3 5
Adaptation(T0L = 10°%) Adaptation(T0L = 1077) TOL 107" : 266 step
R1 R1
5 5 TOL 1073 : 254 step
10% 107
10° 107
IR SR 107k f
10" - 210 —‘
o Zio |
107 ‘ 10" ‘
107+ 107
107 107 -
HHE‘}‘”D"I]EHUHHI(‘J..;ﬂ_S HOI.Z ‘6‘2&”‘0‘3‘ ‘ IlIJI E)IOSIH 0?1“‘[),'1'_5 H(JTZ I(],IQS‘I (]ffi.‘I
Adaptation(T0OL = 10°°) Adaptation(ToL = 1073)
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Result 3.1. 6DOF eq validation

@ Free-falling sphere

Comparison of numerical free-falling sphere velocity with analytic value,
assuming that the air resistance is proportional to the square of the velocity

o F(t) = —Mg +—prr?CpV (t)?

¢ Vierm = \/(ZMg)(pT[TZCD)

297
o V() = \/Vzterm(l — eVirerm)

| meoon
Drag D = 0.5pCpAv?,Cp = 0.5
r 1m > 1
, 67X 105 S
p lkg/m? -

42



Result 3.1. 6DOF eq validation

€ Parabolic trajectory of sphere

Comparison of numerical parabolic motion trajectory with analytic value,
assuming that the air resistance is proportional to the square of the velocity

l‘ 8
Y
.A
Y sl
..l
Sars| ‘. 3 4k
- =HuH ao7f "
Analysis condition .. I
996 ‘AA
Y
.

Drag D = 0.5pCpAv?,Cp = constant

06 o8 1 0 0.2 0.4 0.6
TIME TIME

Va0 10m/s
Vyo Om/s
V0 10m/s o

15 2 25
TIME
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Result 3.2. 6DOF eq application

€ Spinning and tumbling cylinder 1 "
No aerodynamic force, no gravity 7
Rotation axis is aligned with principal axis

L. 0 0
I(b) - 0 Iyy 0 .o.ai—
0 0 I, b
Ixx = Iyy; Ixx - Izz = alxx 12k R '3'9|_‘|&"E‘4'o' ~% 0 70

Exact solution exists
Wy, p) = @ COS(AL) , Wy, (py = b sin(At) , w, ) = ¢

Analysis condition

s |
|
(Ixx: Iyyr Izz) (1; 1, 0-5) g |
W0 1rad/sec '
Wyo Orad/sec %
TIME
W7o O.ST'Cld/SEC Angular velocity(Body frame)
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Result 3.2. 6DOF eq application

€ Spinning and tumbling cylinder

A
)( 5.36E-07 1.68E-05 5.19E-04 1.54E-02 2.57E-01

oL 5 slope=-4.758
2 _slop

\

LOG(error)

2 -0.4 -0.6

‘ IO.G‘ I I0.4I ‘ 0.2 0 —D.I
LOG(dt)

b 1 L T I I - N R |
0 20 40 60 8o 100 0 20 40 T 60 80 100
T

Reference(dt = 1.0) Reference(dt = 2.0)
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Result 3.2. 6DOF eq application

€ Spinning and tumbling cylinder

10° |

10° ><:<7C3<7<><><7‘:‘<7Q<7<><;v

1
[}
S0
[1F]
10" |-
W—
I L L L I L L L I L L L I L L L I L L L I
0 20 40 60 80 100

T
Reference(dt = 4.0)

WX, WY, WZ

0.5

-0.5

LA

Il

I L L L L
G 20 4 60 80 100

0
TIME
Deviation of trajectory(dt = 4.0)



WX, WY, WZ

Result 3.2. 6DOF eq application

€ Spinning and tumbling cylinder
Starting DT = 0.25 & tolerance = 1073

L A:‘A I AL’“ L L L A..“A L ‘.‘:‘j‘ L L I
60 80 100
TIME

Trajectory in Adaptation(TOL = 1073)
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T
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Result 3.2. 6DOF eq application

€ Spinning and tumbling cylinder
Starting DT = 0.25 & tolerance = 1073 Reference : 400 step
TOL 1073 : 164 step

107 107

10° |

e
40 45 50 55 60 65

I B B L. 1 1 [ NS I
40 45 50

55 60 65 70 75 80

T T
Error in refence(dt = 1.0) Error in Adaptation(TOL = 1073)
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€ Summary
Spatial adaptation algorithm is developed.

Time adaptation algorithm
Application to LU-SGS & Dual time stepping

Runge-Kutta 4t order method
Error analysis & Pl controller design
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Fixed — Multi objects

® In/Out Determination

Bug fixed
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7§82 — New In/Out Determination

[=1,

=
2 o8t AML

[

EE ZHO|A B0| 2ZE|0f Yojof H
2EH HXIet 22 A 7|7t El= levelTHA| E—

o 2&5t7| sl Cell Type BH &

@ Octree &
LRSS

» Octree cell 7|7} &

=8| EHO|A OctreeE H
Q= Octree Cell

Inside Cell Type — EX| LHE0] £
Outside Cell Type - 24| 2|50f| = Octree Cell
Cut Cell Type - =M EHO| ZX Q= Octree Cell p Cut CellS

PA

Cell Type2 Z7%d5t7| 2lo =H| L, 2|5 EHEHE sfofpgt
p 7|E YE2 TThe mjotct 2= BH ZAXpo)| CHol Al - B2 AlZH 28
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M2

Xtof| cheh A4k 3tH
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@ 2
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New In/Out Determination

ctree HO| 2 A% p AlLE A|ZHO] 7|52

( 1. ®X Octree W50 E™H meshZt EXYSI=X| A4t ) —Yes

L

( 2. Octree — Prism Intersection Determination

) m—es==)

L

( 3. Spherical Triangle Determination

)—
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M2

[ W

New In/Out Determination

Cell?] XIEQ} R E EH mesh?| =&
- Szl Cell {5 O EH meshZt EXYSHH Cut Cell

= Hlu

Cell LI5Of| X2 EH mesh7} SHUX|

Q{2 Cut Cell o2t
- Prism7]|2] HZgSt X MO| Cellat AX|=X| A4t
- Intersectionk|™ Cut Cell

( 2. Octree — Prism Intersection Determination

( 3. Spherical Triangle Determination

)

Z+Zto| BH meshOLC} ¥tX| 50| 121 0| CHSt spherical area |4t
- B E BEH mesh0f CHSt spherical area 22 LY, 2| § Tt

Cut CellO| O}'d B2 LH, & ZHE

O|EXo =, 20| 4*piH LHF, 00|H 2|7
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7§82 — New In/Out Determination

@ Octree 2%t
L}, 2|5 TEl 2 ng|E 7|M

. ME2 g102|E1

(1. Octree Ui5tof Q= =W 2%t 57] )

(2. Zarstaxt st Holl sl 7 7h9te Azle| BR Hxt AM)

87l ZX|Hof
|‘ o) e
(3. umioz oz st ) L

( 4. Cell type 24 )

1. Octree LHF 0| A= BH HX}of| Cj
SiAM Ot A A (RE HEH AX} X)
2. 1HO| EEtO 2 Cell type 27 (3

p A|7F SF=| But, Failure!!

....................
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M2

® Octre

e
TRICH

— New In/Out Determination

u-l-
=
i

| I

=
bk orma|

ol

7Hd

. ME2 Y0252

. 7}E 712 in/out cell 37| )

]|

£ xM

o

L& OCTREE

E F

GTH

(2 2= =437
(3. 25 =4 W0l 9= B O3 ray casting)
( 4. Cell type B )
Level N-1 Cell
|
v v v v
Level N Child Cell A Child Cell B Child Cell C Child Cell D
v v v v
Level N+1| Child Cell E Child Cell F Child Cell G Child Cell H

p AlZF Et=. And, Robustness!!
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Ivision

Octree-Symmetric d

€® In/Out Determination

New L{2| 5

=]
T

LH 2]

A
ES
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Octree-Symmetric division

® In/Out Determination
7|E W2|F, New LHL|F
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Octree-Symmetric division

€® In/Out Determination

+» SEHQ InputE FAS M= O €2 B4
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Octree-Symmetric division

€® In/Out Determination
Bug fixed
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Octree-Symmetric division

€® In/Out Determination
Bug fixed

o o a o o o o o o
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a = 3 a & =&
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Octree-Symmetric division

& Shift & Smooth Division
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Octree-Symmetric division

€ Moving reconnectivity error

RHO < LEASTSQ_COE > OHOUR OMIN OSEC : 9.00%
. 0.75
07 < LEASTSQ COE > BHOUR BMIN 15SEC : 9.24%
I - 8:25 < LEASTSQ_COE > BHOUR BMIN 3@SEC : 33.20%
- B 55 LEAST COE. ERROR 3111 9 210080
: — 05
2 B
i . nfnum_s=6
: X o3 Nfnum=3
i @ 2 I 05
1 L
i Mype 9
i Local I 44738
| Outside I 44738
ok Structure I 55476
s stos 3243, numlist 3243
(L g e mype 4, 12246 cell®f| £2, 46039 H0j| 7I& 7IHE

>Xal

But, 46039 FH M E0| 2 F jstr_chk=.false.
-> nfnum_candi=0

OrX| 240l nfnum_candi=09Q! HE2 M2 20N istr_chk
7t .false.2l= HZAA|HE (T, ionoff=1Y )
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Octree-Symmetric division

€ Moving reconnectivity error

z z
E,Y L—Y
X X
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