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A Study on Improvement of Time
Adaptation Method
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@ Step Size Controller

Standard Controller

Tolerance&} error r,, H| & 0| &5}0{ stepsize h, T

tol X

h, = Y(Z)k h, 1

Pl Controller

71E Lol P Ao 7Y HE

tol

h, = (E

Ya(a=bykeh,

Log tol

Controller
Gc(a)

Log h

Process
Gp(q)

Log r
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€ Comparison of Step Size Controller

Standard Controller

tol 1

hn = Y(Z)Z hn—l

logh, = logh,_, +i (log(y* tol) — logr,) W It can be interpreted as Integral controller with k; :71(

logh, = logh,_{ + k,(log(y" tol) — logrn)
Pl Controller

tol n—
hy = ()M C P hyy

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

logh, = logh,_; + k/(log(toD) — logr,) + k,[(log(toD) — logr,) — (log(toD) — logr,,_,)]

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.
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€ Step Size Control for LU-SGS
The Closed Loop Using Pl Controller

tol, r,1

— (2 Nk kp Log tol Log h Logr
hy = ) (r Hke by —cap Controllerl p| Process
Ge(a) Gp(9)
k, = 0. 175 kp = 0.075

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

1

[(6,,—6,_1)%dr\2

Application to Dual-time Stepping

Q —_ —
Pt R(Q)
9
- [ +R<Q>] - R'(Q)
aQn+1 — _i[ pp + 2 n+l pp+1 n__ 1 n-1| _ n+1) — p* — hn_l
0t hp| pp+1C pp ppopt+ D) RQ™D =R(Q@.  pp= hn

11
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€ Step Size Control for LU-SGS

Order of LU-SGS & Dual time stepping

aQ

E=—R(Q)
22 R(Q)] _R*(Q)
ot

Phys1cal time discretization : 2" order accurate

Pseudo time discretization: 15t order accurate

> Controllerl Log.h Process
Ge(q) Gp(Q)

Controller

tol_, 1,4

hn = (—)k(

)<y

TL

k, 1
log h,, = (k, + kp — ;) [log tol—log 7] + aloghn
q—1

k
log h,, = (k; + kp — ;" [log tol — log 7;,]

q(k; +kp) —kp
q—1

GC(Q) =

Process

Tna1 = chy  (k=3)

log r41 = klog h,, +logC
qlog r,, = klog h,, + logC

log r, = kq~tlog h,, + q tlogC

» Gp(q) = kq™

12
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€ Step Size Control for LU-SGS

Order of LU-SGS & Dual time stepping
log r, = G,G:(log tol — log 1,,)

GpG Log tol Log h Logr
logr, = —+"——1logh 08 W' | Controller og | Process |Log
"TIEGG > e > o

1+ G,G.  q(q— 1)+ (k; + kp)kq — kk,

1—3(k;+k 1—3(k;+ky)]?
| _1-3k p>+J[ Gl

n 2 - 4

4 1 1 k
£ 0<k <3, g(—3k,+2x/§\/?,—1)3kp S§_7I

13



Result. Fixed flow

€ Time adaptation in fixed problem
oA ™Al : Euler Equation
= : M-AUSMPW +

: 3rd MLP
: LU-SGS & Dual Time Stepping

Ok O
N

A QN D,
b

Op ation (Ma.) I—E(K)
condition
300.0
i tolerance = 1073 & Starting DT = 0.05

14



Stagnation Cp

Result. Fixed flow

€ Time adaptation in fixed problem
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Result. Fixed flow

€ Time adaptation in fixed problem

|Adaptive, t=3.84] z

L

=]

490000
410000
330000
250000
170000
90000

10000

|Reference, t=3.84|
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35§
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Reference
Adaptive

Time

The Number of Calculated Timestep

16 Step .vs. 114 Step

- 7 times more efficient
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@ Step Size Control for LU-SGS

Physical step size change & pseudo step size change

N step

Step size h,

Errorr,
/ Sub iteration

CFL — pseudo step size

~

Control CFL in each cell

Tm—2 1

:( )k

m-1

CFL,,
CFL

m-—1

~

N
\_

J

/

Control h,
according tor,

—

tol , r
h. = (—yki(==Ykpp
n (rn) (rn) n-1

17
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N+1 step

~
N

Control CFL in each cell

Stepsize h, 4
Error r, 4

/ Sub iteration

CFL — pseudo step size

Tm—2 L

:( )k
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€ Step Size Control for LU-SGS

Control Using | Controller
(1) Change CFL number by ratio of residual

Tm-2

1
CFL,, = ( )kCFL,,_,
m-1
T = |CONV(Q™) — DIFF(Q™)|

(2) Decrease CFL number until the solution change is bounded under maximum
allowable change.
AQm+1= a Qm

18



Result. CFL control

@ Sphere test

-
0F The number of CFL-limited cell
= CFL

950
900
850
800
750
700
650
600
550
500
| 450
— 400
350

CFL fixed (1)
CFL control

15000 -
10"

10000 =

300
250
200
150
100
50

107 | 5000

M | . A 'l X
] 10000 20000 30000 o
ITER

Error history

oH

o000 i'te,'ifiﬁl’g?,' —ww CFL-limited point
The number of CFL-limited [iter=300]
point
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Result. CFL control
¢ ONERA M6 Turbulence Analysis XRR SEM) | Re | wEH
conaition

0.8395 11.4M 3.06

= Gov Eq. : Navier-Stokes Equation
w Space discretization : M-AUSMPW + & 3rd MLP
= Time integration : LU-SGS & Steady state

Onera M6 wing surface Point Distribution for Onera M6 wing

20



Result. CFL control

D
¢ ONERA M6 test

CFL1
CFL 1000
Controlled CFL 1000

Residual

i CFL-limited point
10 0 — '10600' — '20tlloul — '30600' — hter: 300]
Iteration

Residual history




Result. CFL control

¥ ONERA M6 Turbulence Analysis

Surface pressure coefficient contour

EE A4 BE HOS 58 SAT YK ZE O

yiL=0.44

-

Q
bl

N
N
@

oo
[o-N{e]
-

0.72

o
@

. . L . |
1 ] o oz o4 o0& oz 1
0z 1 %, ML

0.48
0.36

T oM, WL

0.24
0.12

-0.12

-0.24

'
N
N

yiL=0.65 -0.36
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-0.96
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o oz D!l WL as oz 1

Pressure coefficient of Onera M6 wing
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€ 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

p Liex _Ixy —Izx
Q =Ly Ly —by;
R _sz _Iyz Izz

U VR —WQ

vV|=|WP —UR

W uQ —VP

do 0 —p

qll_llp 0

q2( 2|9 -r

as r o q

24

Ix
9y
9z

+

—q
T
0

-P

_|_

_T"

—q
p

0 |

F,./m
F,/m
|F,/m
do

q1
qz

qs

=M, + 1,,(Q% = R®) + 1,,PQ — L,RP + (I, — I,,) QR
=M, + I, (R? = P?) + I,QR
IM, + Ly (P2 — Q%) + I,,RP — 1,,QR + (I, — 1)) PQ

— L,,PQ + (I, — L) RP
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@ Step Size Control for Runge-Kutta

/"

Application to 1D differential equations \
GpGe

log 1 = —2_log hy,
9 =11 6,6. Y
0.3 0.4
k=500 ke =70

(k is order or error)

/ 2. \
Error analysis of system differential equations

{ZM {Z(h SLS o}
{Z (h1pm1) {z (hne 1pmn ) }

The stability region of step size
25

a N

Application to system differential
equations

o = oy
Th
(1) Control coeff|C|ent for 1D differential
equation is still used.
(2) Error r, is calculated by Richardson'’s
extrapolation
(3) Pl controller is switched to integral
controller when any eigenvalue of
system equations us outside the stability
region.

ke R,y

\_ /
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@ Step Size Control for Runge-Kutta

M-stage k'* Runge-Kutta method

Y,1 = f(tn'yn)v Y; =f<tn + Cihn'yn + hnzaijyg)

yn+1=yn+hnzbjy}' tn+1=tn+hn

€ni1 = hy Z(bj - l;;)Y;

lle, |l
Tnor =1 llensqll
h,
Error Analysis
Provide transfer function for Process

error per step (EPS)

error per unit step (EPUS)

If h,, is small,

Yn+1 = P(hy D)y, eniq = E(hyDyy
Tny1 = ||¢n”h,’§, b = YnAPe(Kg + K hyA + )

logr, =G, (qlog h,+ q 'loglld,ll

Gp1(q) = kq™*

If h,, is increased enoughto approach stability region,

€n+1 = E(hnl)yn(: E(hst)‘)P(hn—l/DYn—l
P(h,_14
= E(h.1)—2—=""~
(R )E(hn_lll) €n

C1 —C1+C;
h h
= P(h )| =2 n-1
(S)<hs> (h) o
Clq+CZ_Cl

logr, = G,,(q)(logh, — loghy),G,,(q) =
gry pzq gny gng qu q(q—l)

26




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

LOgtoll Controllerl Loglh Process | Logr
Ge(q) Gp(Q)

logh, = iqi_l(log(y" tol) —logr,) P It can be interpreted as Integral controller with k, =

q
q—1

logh, = G.1(q)(log tol — logr,,), G.(q) =k,
logr, = G,/ (q)log tol+ G 4 (q)log|| ¢,

If h, is increased,

If h,, is small, Gio1(q)
kl((Cl — 1)q +1-— Cl + Cz)

q-1 TP+ (=2 +k(C,—1))q+1+k,(1—Cq+Cy)
q(q—1+kk;) | Go(@

Kk,
q-— 1+ kkl,

Geot(q) = Gy(q) =
(q—1D)((C;—1Dqg+1-C1+Cy)

T @+ (=2 +k(C-1))q+1+k,(1—Cq+Cy)

27
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@ Step Size Control for Runge-Kutta
The Closed Loop Using Pl Controller

LOgtOII Controller | LO!J'h Process | Logr
tol kr rTn—1 k (ir_(g) GP(Q)
hn = (r_) I( , ) Phn—l
n n

k;+k —k
q +kp=(1 p)q P
q—1 q—1

logh, = G.,(q)(log tol — logr,,), G, (q) =k,
logr, = G, (q)log tol + G4 (q)logll ¢yl

The denominators are given below
Gp1(q@): q* + (-1 + k(k;+ kp))q — kkp = 0
Gp2(q): q* + (=2 + C1(ky + kp))q* + (1 + C(ky + kp) — C1(k; + 2kp))q
+kp(C1 —C2) =0
Gp3(q@:q® + (=2 4+ (C1—1)(k; + kp))q* + (1 + C(k; + kp) + (1 — C1)(k; + 2kp))q
+kp(€C4—C,—1)=0
03 0.4

ky==", kp=—"

28
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€ Step Size Control for Runge-Kutta

Error analysis of system equations

dY , . s
Y = i F(t;Y), with the initial valueY(a) =Yy (a <Y < b)
Y1 f1(t:)’1,J’z,---,ym)

Y(t):exact solution
Y,:theoretical solution
Y,.:computed solution

Y = )’2 ,F(t;Y)= fZ(t;yliJ:’Zr'"rym)

Ym fm(t;yliyZ'""ym)
4 4
n+1:Y"+gzyij Y1 =Yy +gznyi + Ry
J=1 j=1
K; = F(t,+ 8;h,Y;, + hé; K;_;) K; =F(t,+6;h Y, +hé;K; )

We can get the error by subtracting exact solutionfrom computed solution.

Yar1 —Y(tny) = Y Y+ B)

h .
=Y, —Y(t) +_ X, vi(K; —K(D)+R
h ,
€1 =en+gZ}}=1Yj(Kj —K()+R

29
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€ Step Size Control for Runge-Kutta

Error analysis of system equations

h .
€n+1 = €n +g Z}:le(Kj —K(@y))+R

Assumption 1: F(t;Y) is continuous function of Y in the interval
Assumption 2: Jacobian matrix (Z—’;") exists in the interval whose endpoints are Y,, and Y (t,,)
j

_(9:
K1_K(1)— ayj>en
_ (91 h(of:
K, —K(2) = ayj> {E + 2 (ayj>}en
_(9fi\ g R(3f:\[  R(0f:
K3 —K(3)— ay]>{ 2<ayj>{E+2<6yj>}} "
INCIAY RN AY R TA I YCTAY I YE)?
K, K<4>—(ayj> E +"<ay,.>{E +2<0y,->{E +2<ay,->{“2<ay,->}}} -

30
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€ Step Size Control for Runge-Kutta

Error analysis of system equations

€n+1

)0 ) S - )5
[E+ 6{<a}’j> ¥ 2(")’;‘) ¥ 2<a3’j> ¥ <6y]-> "6 dy;) \0y; ¥ dy;) \9y; * 9y;j) \0Y;
s(e- e s

Assume that R and matrix (g—fi) are constant in a small interval (t,,t,,,1)

4
h? »
€n+1 — z;] e, + R

Yj
v=0

Transform to the classical canonical form -> e = T 1le

Ignore R to make the equation be homogeneous
4
hv
eni1 = <Z ;K") e, WwithK=TYrT
v=0

31
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@ Step Size Control for Runge-Kutta

Error analysis of system equations

4
€n+1 = Z

—K" |e,, withK=TYT

V!

If matrix J is full rank,

Matrix K becomediagonal

(hp1)?
V!

€n+1 =

Z”ii’fr)”

0

€n

é = diag ({z

(hpi)”
v!

)

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

Some other way must be considered for transformation.
Stability region analysisis based on complex plane.
But, complexpropertiescomefromeigenvaluesonly.

matrix ] € M14(R)

-> matrix K may be transformedto Jordan form

Fora matrixon ageneral scalarfield F(R), Jordan
decompositionexists when minimal polynomial is
completelydecomposedinto linear equations in F(R).

32
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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

'K11 K O | pi 1 0
12 _
K= ,  with K;; = Pi )
Ky 0 pi
L0 £

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

v v v—1 v
pO' (1)p0' (y_
4 v
h” v PN . v 0 pg (Y_
eni1 = Z;KW €n with Kg,, =
v=0
| 0

33
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@ Step Size Control for Runge-Kutta

Error analysis of system equations
Transformation to Jordan form(contd.)

w4 (hpe)” ho3  (hpe)’ h2Go  (hpy)® »
v=0 4 Av=0 y g AvE0 T 0
(hps)® )
0 =0y
(hps)”
0 0 §=0 v!
ent1 =
4 (hps)Y
v=0 4
0 4 (hpo)”
v=0 ! -
y—1 =J
R W (hps)? o ,
€in+1) — ZFET"’(HM with(i=1,2,..,7;,0<j<4)
j=0 " v=0 '

34
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€ Step Size Control for Runge-Kutta

Error analysis of system equations

h" -
én+1 = z v' K'U + R

v=0
Homogeneous solution

é, = diag ({Zw}n) x C

, 10 @4—j (hpe)V5 oy
el“(n_'_l) Zy Z ] LﬂL G(H_]) n Wlth (L —_— 1,2, s

0 ]'
Particular solution

35
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€ Step Size Control for Runge-Kutta

Error analysis of system equations

3 0 {E(hlpll)
0 e {z(hlpm)

v~
.
A

v~
.
.

, Z(hn 1P10-1) }
_<Z(hn 1Pmn-1) }

»

v=1

L

v!

R

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

{Z (hpy)” }IS in the unit circle in the complex plane.

V!

‘ (hpl-)”

v!

Stability region

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

36

<1

THE STABILITY REGION FOR THE FOURTH
ORDER RUNGE -KUTTA- METHOD

)
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€ Step Size Control for Runge-Kutta

Error analysis of system equations

N 0 {z(h%?)v ,,,‘Z(hn 1p1n_1)} 4 3
—— {Z%LMZ(% _— 1)} =

i corresponding to the maximum error(eyq,)

v~

=%

1. It is mathematically reasonable to control the stepsize with ;, which maximizes
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.

37
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@ Step Size Control for Runge-Kutta

/"

Application to 1D differential equations \
GpGe

log 1 = —2_log hy,
9 =11 6,6. Y
0.3 0.4
k=500 ke =70

(k is order or error)

/ 2. \
Error analysis of system differential equations

{ZM {Z(h SLS o}
{Z (h1pm1) {z (hne 1pmn ) }

The stability region of step size
38

a N

Application to system differential
equations

o = oy
Th
(1) Control coeff|C|ent for 1D differential
equation is still used.
(2) Error r, is calculated by Richardson'’s
extrapolation
(3) Pl controller is switched to integral
controller when any eigenvalue of
system equations us outside the stability
region.

ke R,y

\_ /
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@ Determining Controller for Stepsize Control

The Closed Loop Using Pl Controller

Log tol
--.»

l n—
hn = ()M (2D by

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

Runge-Kutta method: k; = % , kp =22

k

Prevent unnecessary oscillation

(2 (hn > 2)
hn—l
hn hn,
=4 ELSE
hn—l hn—l
1 (< fin <1.2)
\ T hpor T

39

Controller
Ge(q)

| Log h

Process
Gp(Q)

(k = 0(leading error))

Logr
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€ Application to 6DOF Equation
Jacobian of 6DOF Equation

J11 J12 T3 0 0 0 0 0 0 0
J21 J22 J23 0 0 0 0 0 0 0
J31 J32 Ja3 0 0 0 0 0 0 0
0 -w v 0 r —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 0
I S I 0 0 0 0 I
2 2 2 2 2 2
D B % 0 0 0 p 0 r !
2 2 2 2 2
Kk} B 41 0 0 0 g _r 0 P
2 2 2 2 2
L & L] 0 0 0 r q P 0
2 2 2 2 2 2 ]

Jir = {agy (rlyy — qlz1) + ay, 2plzy — rly) + ays(qlyg — 2ply1)} + {ag,l3,9 — aysly, @ + {ag, 337 — agzly37}
Jiz = =1 I31p + aya i1 0} + {apq (rlap — 2q135) + a4y (Plsy — T115) + a3 (2q1, — plyp)} + (= [337 + agzli37r}
(K =1,2,3)

40



Result. 3 equations

€ Time adaptation in system equation

y1 = —0.04y; + 0.01y,y; y1(0) =1
Y, =400y; —100y,y; — 30003’22 y2(0)=0
V3 = 303’22 y3(0)=0
—-0.04 0.01y, 0.01y,
=1 400 —6000y, — 100y3 —100y,
0 60y, 0 |

Y1
Y2

12

y1 : Almost 1 in most areas
y, : Very transientin the beginning
y3 : Increasing almost linearly

¥1,Y2,Y3
(=]
(=2}
T

0 0.05 0.1 0.15 0.2 0.25 0.3

41



Result. 3 equations

€ Time adaptation in system equation

0.000001 | 0.00001 0.0001 mn

R1
R2
R3
- /7
|
[
E_ [
EECC "aés 9z 6m os
Reference(dt = 0.000001)
R1
R2
R3
||
|
|
|
\

L ’,_._rwmmm‘flllﬂmlllw LI TARNTR TRRT -

P IR | . RIS ENENETE ENANEE SR
0 0.05 01 0._i_|5 0.2 0.25 03

Reference(dt = 0.0001)

. .
Reference(dt = 0.00001)

(L] W I ERE S
0 0.05 0.1

L
0.15 0.2 0.25

i
Reference(dt = 0.001)

-
03

42

5.92E-17
R3 ’:lo:“
3
8 -10
|

L L
S N

N
[e)]
T

1.73E-12 1.62E-07 2.15E-2
slope=-4.8654
' BN EENENEN T ENENENENE BN RN B ENE A SRR BN
3 35 -4 45 5 55 8
LOG(dt)



Result. 3 equations

€ Time adaptation in system equation
Starting DT = 0.000001

— log(tol)=-2
— log(tol)=-3
—— log(tel)=4
B — log(tol)=-5
- log(tol)=-6
B — log(tol)=-7
B — log(tol)=8
B — log(tol)=9
10° W& AT 15N B N5 NV 1 S 15 )5 M W
10"
o [ V
-
-
10°
-6 |
1():flIIIIII\\IIIIIIIII\II\I\IIIIIIIIII\I\

1
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
T

43



Result. 3 equations

€ Time adaptation in system equation

_R1,R2R3 .
! = 2

(=}

o

Starting DT = 0.000001

R1

R2
R3

" M

- I'I

5‘ I DIOSI ‘ ID!1 = D;é ‘ (]!2‘ I bIZS = D!SI
Adaptation(70L = 107°)

:;
R3

I TSI ETSTETETE ANAVITETE EYEVATANE
0 0.05 0.1 0.15 0.2 0.25 0.3

1
Adaptation(T0L = 107°)

SNyt

— L)

- L]

i 1 [ IR AR A ST RS SR
0 0.05 0.1 0..;_5 0.2 0.25 0.3
Adaptation(ToL = 1077)

L7

1 T BRI R | ol I L
0 0.05 01 0.15 0.2 0.25 0.3

T
Adaptation(T0L = 107?)
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Result. 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

+ F(t)=—-Mg +%pnrzCDV(t)2

o Vierm = \/(ZMg)(pTETZCD)

29z
« V()= Vzterm(l - evzterm)

o g m -5E-05 I
AnaIYSIS condltlon i numerical solution
I E analytic solution

Drag D = O.SPCDAUZ, CD = 0.5 0:—:
r 1m > ol
g 2.67 x 10™°m/s?
0 1kg /m3 0.0001 |- —
e — 0.0:30210‘ — 5otz
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Result. 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

a 8
Y
'y
FYy
A 6
aeE A
'y
Tars - A B
As
a
- - - astE .
nalysis condition .
- Y
9.965 " 2
b "
5.98 .
Y
.

Drag D = 0.5pCpAv?,Cp = constant

0.4 0.8 08 1 0 0.2 0.4 086
TIME TIME

(7 10m/s
vyo Om/S
V20 10m/S L

15 2 25
TIME
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Result. 6DOF eq application

@ Spinning and tumbling cylinder o
No aerodynamic force, no gravity A
Rotation axis is aligned with principal axis g
I. 0 0 5
Ipy=10 Iy, O aaf
0 0 I E A AAAAAAAAAAN
Lix = 1y, Lex = Izz = alyy B Tt

Exact solution exists
Wyx,p) = @ €0s(At) , wy, (py = b sin(At) ,w, py = ¢

Analysis condition

s |
|
(e Iyy: I;) (1,1,0.5) £
Wy 1rad /sec
Wyo Orad/sec R R R
TIME
W0 0.5rad /SeC Angular velocity(Body frame)
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Result. 6DOF eq application

€ Spinning and tumbling cylinder

Y/ ) m“nm“

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

2k " slope=-4.758
a R

SE N\,

LOG(error)

0.6 0.4 0 2 04 -0.6

.2 0 -0.
LOG(dt)

1 M RV SN ST S |
100 0 20 40 €60 80 100

- - | IR -
0 20 40 60 80
T T

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

€ Spinning and tumbling cylinder

10"
10° PVQOQ@VDVWO@V
,_Ew’10 =

10—15 L

0 20 40 60 80 100

Reference(dt = 4.0)

WX, WY, WZ

0.5

0.5

WX

wWZ

(@] =

60 80 100

Deviation of trajectory(dt = 4.0)



Result. 6DOF eq application

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

WX, WY, Wz

WX
wY
wz
107 |
|
g'IO8 E
i
10°
10-10 ||
10" |5
10"
L L L I L L L I L L L I L L L I L L L I L L L I L L
0 20 40 60 80 100 120
TIME T
Trajectory in Adaptation(ToL = 1073) Error in Adaptation(TOL = 1073)
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Result. 6DOF eq application

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

10°F 10°

I\I\\\\I\\\\I\\\\IIIIII\
40 45 50 55 60 65 70 75 80 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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Result. 6DOF eq application

@ Eglin Store Separation Case

EGLIN experiment was first conducted at Arnold Engineering Development
Center in 1991.

EGLIN is the standard store separation problem for validation of moving
object trajectory.

+ Governing equation : ALE equation, 6 degree of freedom equation

+ Space discretization : AUSMPW+ with minmod TVD limiter

» Time integration : LU-SGS for ALE eq, explicit Runge-Kutta method for 6dof eq.

+ Uniform time spacing At = 0.001

Flow condition

M, =095

P, = 35988.8Pa

store < | T. = 236.639K
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Result. 6DOF eq application

@ Eglin Store Separation Case

Coefficient of Pressure
Coefficient of pressure (C,) on the surface of store for the cross plane at angle 5
degree is shown.

C, distribution of the store is compared with experiment and FVM. FVM values are the
results presented by ANSYS at AIAA 2018 Scitech.

Cp_meshless
Cp_exp = Cp_exp
Cp_fvm

sk ask

0.5 : -0.5 :

CP
<

0.5f 05f

1.5 TR N R NI R R ! TR T 1 ] 15 TR T IR I T N I |
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

X X
Cp distribution of the store (t=0sec) Cp distribution of the store (t=0.17sec)
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Result. 6DOF eq application

@ Eglin Store Separation Case
Store Trajectory

The trajectory of the store is also compared to the FVM and experiment results.

In EGLIN store separation case, it can be said that there are 3 types of forces - ejection
force for safe store separation, gravity, aerodynamic force.

The numerical solution fits to experimental values well.

meshless_x ———— meshless_yaw
meshless_y ——— meshless_pitch
meshless_z — meshless_roll
25 © e 20 - © expyaw
| exp_y | . exp_pitch
exp_z | . exp_roll
— — — fvm_x | — — — fvm_yaw
| - — — fvm_y | — — — fym_pitch
R — — — fym_z 15 — — — fym_roll
15 : j 10 :
S f o f
N [ e
) T |
o 1F O 5
> T =
. = o B
(L] | - |
2 o0s| <;£ of
2r = B
0 5|
_05_\\\I|\I\\II\\II\I\\II\\II\\\\II\ _10_\\\\|\\\I|\\III\\I\I\II\I\\\\III
0 0.05 0.1 0.15 0.2 0.25 0.3 0 0.05 0.1 0.15 0.2 0.25 0.3
TIME TIME
Center of Gravity Location Angular Orientation
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Result. 6DOF eq application

@ Eglin Store Separation Case

Store Trajectory

+ Figure below shows Location and posture of the store for 3 different time
instances — Osec, 0.17sec and 0.32sec.

__ EEENEEEEN |
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€ Summary
Time adaptation algorithm using Pl controller
Application to LU-SGS & Dual time stepping

Instead of empirical formula, the newly defined control coefficient is used.
For robustness of inner iteration calculation, CFL number is controlled in a manner that solution
change does not exceed the maximum allowable change.

Algorithm verification & validation
Sphere
ONERA M6 wing

Runge-Kutta 4t order method
Control coefficient for one-dimensional differential equation is chosen by Gustafsson.
The error of system differential equations is analyzed, and the stability region is obtained.
Application to system equation

Algorithm verification & validation
3 equation problem
Free falling sphere & parabolic trajectory
Spinning & tumbling cylinder problem
EGLIN store separation
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CAD file
‘ Mesh file
Post-processin
Surface Mesh Generator ===, pjjnt System Generator - 2
v Input ‘ASCII file Paraview
Solution control
. . *.vtk
* Compressible/Incompressible
Solver
Solution monitor
* Tecplot
*.TEC

Data/Graph
Resultfile
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