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@ GC-LSM A|At
¢ (x,) = po + Ax IV 4 py 200 1 9(42)
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L 99 (xo) 99 (¥o)
n J— y — — \ —
minimize §j=1 (l)oj [A‘pof Axoj ax A 0j 3y

2l 0] Geometric ConservationI} 15t order consistency ZZE F7I2 HFA|7|7] 9
Sl Lagrange Multiplier A&

Fy=%/4 wi]-[mpij — Ax;ja;j — Ayi]-bl-]-]2 <- Objective function (Least Square Method)
Gi=2%ja;=0H;=%;b;=0 <- Constraint(1) & (2) (Geometric Conservation)
M;=%;a;x;j=1, N; =%;a;y; =0, <- Constraint(3) & (4) (15t order consistency)
P;=%bijx; =0, Q; = X;b;jy; =1, <- Constraint(5) & (6) (15t order consistency)

A;=F;+AG; + uH; + aM; + BN; + yP; + 6Q; <- Lagrange function
- VAi(aijJ bij; A, U Q, ﬂ; vV, 6) =0

H HEYEAM S AX = B FEH 2 Hetol 2 AAYHLY S Soll GCLI 15t order
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€ Arbitrary Lagrangian Eulerian (ALE) Method
C. W. Hirt0i| 2|sH |2t

Lagrangian description: &5t 22 S 2 F%|0|= FramellA| R3S SE
Eulerian description: 1’3 El FrameO|M S5 2+
ALE description: R &5 EQ} CHE 2|2 £ 2 X 0[= FramellM &5 &E,

Kinematic description0] &

Moving boundaryE Zgtst= S0 ALE

6U aF OG
at ax ay
p p(u—1u) p(v—-7)
U=|P¥ po|pr@-w+p| | pulv-D)
“pv|’" T pvu—-w) [T |pv(v—D)+p
E E(u—1) + pu E(v—7?) +pv

U, v = velocity component of points

Deformed mesh example Euler equation in ALE description

[1] HIRT, C. W.; AMSDEN, Anthony A.; COOK, J. L. An arbitrary Lagrangian-Eulerian computing method for all flow
speeds. Journal of Computational Physics, 1974, 14.3: 227-253.

[2] DONEA, Jean, et al. Arbitrary Lagrangian-Eulerian Methods, volume 1, chapter 14. Encyclopedia of Computational
Mechanics, John Wiley & Sons, 2004.
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Stagnation line

------- M_=0, M, =2
M=1, M, =1
M.=1.5, M,=0.5
M.=2, M,,=0

Moving Sphere

Cp

05k

\\ inﬂ

\ - == - m=00,M,,,=20
. . =10

M.=1.0,M,
M.=1.5,M,, =05
M.=2.0, M, =0.0

Pressure coefficient
(Surface z=0)

23

Upper

Mo = 1.5 Mgypere = 0.5
Nether

M, = 2.0, Mgppere = 0.0

o0 A
wIESE
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Pressure contour pressure contour
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alpha(degree) Flap deflection angle (Degrees)
Cl vs. AOA Cn vs. Deflection angle

<Unsteady flow of oscillating NACA0012> <William'’s airfoil with oscillating flap>
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¢ Six-DOF2| S22 1ne{st H|HA 85 sl
AH AF2E|= HAHES SEYE ZASH7| £I$t Six-DOFE 12{st 4
EAMIHE FEX ZE0 HE

Translational, Attitude motion B AlS

2|5t Newton’s law 2} Euler's

LawE 0| 2510] H = off A

. ay1(by + mpy) + as2(by + mpy) + as3(bs + mps3)
r az1(by + mpq) + azy(by + mpy) + azz(bs + mp3)

r
. az1(by + mpq) + az,(b; + mpy) + azz(bs + mp3)

rv—qw+—1ss+t139 m
pw — U + BZS + tysg
qu —pv + st+t33g _
= %(—pql —qq2 —7q3) |
= %(—pql —qqz —1q3)
= %(—pql —qqz2 —74q3)
— = %(—pql —qq2 —1q3) |

Euler’'s Law

_ Newton’s
Law
a1 = 1(122133 —I3l33),a1, = 1(113132 —Ij3133), 043 = 2(112123 — I1313;)
1 1
a1 = 1(123131 - 121133).6122 = 1(111133 - 113131),6123 = 1(113121 - 111123)

1
= 1(111122 - 121122)
A= Liylpalss + Iril3olh3 + I3q 112103 — LiqIsa003 — Is11olh3 — Ipq 12133
by = p(=rly; + ql31) + q(=rly; + ql33) + r(=7lx3 + ql33)
b, = p(rly; — pl3y) + q(rly; — pl3y) + 1 (rlz — ql33)

1
az1 = 1(121132 - 122[31)1032 = 1(112131 - 111132). ass

_ Kinematic
Equation

bs = p(—=qly1 + ply1) + q(—=qly2 + ply;) + 1(—qli3 + ply3)
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Module 2:

Euler’'s Equations

Newton’s Equations

R-K
4th -order

dp

T ay1(by +mpq) + asp(by + mpy) + ag3(bs + mps)
dq

T az1(by +mpy) + azy(by + mpy) + a3 (b + mps)
dr

T az1(by +mpy) + azy(by + mpy) + azz(bs + mgs)

du

E=rv—qw+ S+tl3g
dv

E=pw—ru+ + ty39
dw_ +

dt =qu-—p o5 339

Kinematic Equautions

Module 1:
Meshless

Forces & Moments

Flow
Solver

Q5 ofAS o IHA

(Fx, Fy, Fz, Mx, My, Mz)

dqo
dt
dg; 1
a2 (—pq1 — 992 —7q3)
dgy
dt
dgs
dt

1
=3 (—pq1 — 992 — 7q3)

1
=3 (—pq1 — 992 — 7q3)

1
=3 (—pg1 — 992 — 743

v

Attitude and position
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EGLIN Store Separation
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\ = Unfolding Fin Motion j
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Meshless with MPS

Mach 20 Space Shuttle Re-entry Mach 20 Space Shuttle T HH
Steady Problem S5 M
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I
' - t=0.00 sec ‘
—

t=0.20 sec
I

t=0.35 sec
t=0.45 sec
I
t=0.55 sec

I
t=0.70 secJ

¢ 24Xt ol o A1} Example
EGLIN Store Separation 6DOF moving ol A
H™H Cp Contour Animation

Cp Cp
0.5 05
. 04 . 0.4
03 03
0.2 0.2

0.1 0.1

0 0
-0.1 -01
j -0.2 -0.2
0.3 -0.3
-0.4 -04
I -0.5 ' 05
-0.6 0.6
-0.7 -0.7

Eglin 4™ Eglin H
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@ EGLIN Store Separation of 4
Store?| #™ CpE El CFD &

-1.6

5deg

— — - FVM(YE Sunay et al.2013)
Exp (ER Heim et al.1991)

01 02 03 04 05 06 07 08 09 1

x/L

Cp distribution of the store (t=0sec)

T aAxSe A

rq MEetn S =S 45HA4
X\

Hypersonic & Rarefied flow Laboratory

5deg

-1.6

-1.2

-0.8

-0.4

Meshless
— =— = FVM (YE Sunay et al.2013)
Exp (ER Heim et al.1991)

0 01 02 03 04 05 08 07 08 09 1
x/L

Cp distribution of the store (t=0.17sec)

[1] SUNAY, Yunus Emre; GULAY, Emrah; AKGUL, Ali. Numerical simulations of store separation trajectories using the
EGLIN test. Scientific Technical Review, 2013, 63.1: 10-16.
[2] HEIM, E. R. CFD wing/pylon/finned store mutual interference wind tunnel experiment. ARNOLD ENGINEERING
DEVELOPMENT CENTER ARNOLD AFS TN, 1991.
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®EGLIN Store Separation di
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aigh | @

2.5
Meshless_XCG
Meshless_YCG
————— Meshless_ZCG
2 — — — FVM_XCG (YE Sunay et al.2013)
— — — FVM_YCG (YE Sunay et al.2013)
— — — FVM_ZCG (YE Sunay et al.2013)
. Exp_XCG (ER Heim et al.1991)
. Exp_YCG (ER Heim et al.1991)
1.5 . Exp_ZCG (ER Heim et al.1991)
p—
E
@ +
Q P
c »
| W
- P
0 o
(] o
0.5 -
»
el
e
-~
0 -.4—"."
-0.5
0 0.05 0.1 015 0.2 0.25 0.3
Time (sec)

*

*

10 ®

Meshless_y

Meshless_8

Meshless_g¢

FVM_y (YE Sunay et al.2013}
FVM_6 (YE Sunay et al.2013)
FVM_¢ (YE Sunay et al.2013) -
Exp_w (ER Heim et al.1991) -
Exp_6 (ER Heim et al.1991)
Exp_¢ (ERHeimet al.1991)

Angle (deg)
[4)]

-10

0 0.05

0.1 0.15 02

Time (sec)

0.25 0.3

Center of gravity location

Angular orientation

[1] SUNAY, Yunus Emre; GULAY, Emrah; AKGUL, Ali. Numerical simulations of store separation trajectories using the
EGLIN test. Scientific Technical Review, 2013, 63.1: 10-16.
[2] HEIM, E. R. CFD wing/pylon/finned store mutual interference wind tunnel experiment. ARNOLD ENGINEERING

DEVELOPMENT CENTER ARNOLD AFS TN, 1991.
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@ EGLIN Store Separation of 4
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23}

78 oM 30 7= 192
B2H AX} 7| 195,476
S EE W=+ 4,781,136
7| HHA ‘4d Azt 830 sec
X7 B 55 oM At 5,000 sec
# of Physical Time Iteration 20
EHEA 7 Azt 27 sec
# of Pseudo Time
Iteration 150
1 Physical | 1 Pseudo Time Step A5 sec
Time Step g 7S ol Azt )
o
S off M Azt 675 sec
Al ZH|
(HE +d M/ 4%
8l A Zh
o 68,560 sec
= sHAM A7 '
% oM Azt (= 19 hr)

HE Y & sl 2

Pressure Coefficient Contour

) Fluent CHH| 1/62] H|& A2t 20

(Surface = Store’s y cross section)
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Unfolding Fin Motion Ry (smazssanTy

# Unfolding Fin Motion
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Eglin 5 &3 Contour
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