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Al A& AE

1.1 Multigrid 714

Multigrid 71" Adig 7152 e & w o]F 7538kt s
ol ZIHoe=A ey v WA (elliptic partial equation) ol A
AREE O] o] Z4Q1 M e EQth(1] dAle dAAIS S (CFD)
ok & vheFsh Hofoll A FH A AMEE I k. AAASE ok

|4 multigridel #HE A7 v53 2o P.wesseling et al.[2]
multigridE 954, PIFA A F&  AAAel ALEeH

B.Korren[3]< defect correction H®FE  7]H (iteration method) <
;’
X

multigrid Well #&ste] 454 Feadlids FAFezA g 7ol

ALl EAoA] 7] multigrid HAHTF 8492 H) o] 9

o & multigridi= coupled Navier—Stokes equation®] % -gxjo] AAk
THE 7IEsele & AAARAIYGE AlAbel A £ 7RSSl o] 8FH AL
Qlt}.[4, 5]

Multigrid 71¥> 27F4] otolto] & &l AAt 7H53tE A3y stt. 3
A ofolto]= AW £7] 918 AHE%+= Gauss—Seidel 71
W A2 g 7Yl T2 22} (high frequency error) &
wEA AAT = = Hbde), e £yl 23} (low frequency
error) = AlASHEH oA o® @& AZto] AQ ¥ thE Holt} o] o
Fofl multigrid 7ol s x5z oz & AAHE £ F95:9 o3
T AT AER E AlselA §bE V|Re olgstw 54 Slg o] %
of & AAHA de W FIF exb= HAEH
T WA ofolrjol= REE VA @A o R AASA X

T @7t 8k AlFo®E 79 (projection) ™ we- T3}
A 50l FAE AT w2 T ea S0 ¥y
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Al in—house F=¢|| additive correction method 7]8FS] AMG 7]
ALt Zoltk. A4 in—house T =& HIAH Az 7Nk E
Tz gd A e (fully coupled) WE 7|HE a2z &
olty. AMG 71" A4 AIxE &R elwl o] &&= 7[R o]”]
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2 FY2E st ZE S Al
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A 2 AT

2.1 A[ujrg-7g 4

-

W i%oﬂ}\i /\]__9_25}- ];]] A OH]—Z‘—/\J -,(?'—%- TB‘H/E,Q] X]HHHO]_X&]Z\_]I'\O? o}ﬂﬂ
=103

3/*dn+§5 FdA=0 (2.1)
ot J g o0

=90 A A EHo el A4 A4

0Q
o} = H= WM (conservative Varlable)af’; o] Fo] A

= 9u|st =
HolH, Fi tl&F EY2A (convective flux) 24 ofdl 21(2.2) 3 o]
T/ €tk
p pU
Q= |pv|, F =|pUtnp (2.2)
pw pwU+np
PE. | pUH

S A2 pou, v, w, p, B, He A2 A%, 20 55, yu
& &S5 g £ ", Aoy A (total energy), ANEY] (total
enthalpy) & 9v|sttt. 21(2.2)94 U= XE¥¥  contravariant
velocity+« oFej o] 2] (2.3) 2} 2t}

)

U= nu+ny+nw (2.3)



A 2. Dl F7ER ol 7IAl dH BAEA S ol &5k AAtE Iyt

=

2.2 A7+ AEH

2 =74 AMG 71l A4 (implicit) A1ZF AX 7] gk A
&g 4= 317] w9l implicit Euler (backward Euler) A]ZF X 7]
= ol&3ste] Ats FdRow A4 FEel st s B3
of 71& 2(2.1)8 AIgtF t= ot 2 (2.5) % Zo] 7 AlZk(pseudo

time) ¢ O = tjA|sto] AFE-SFA T TS A (2.5) 9] o] HI ™
(transformation matrix) P= Algdozxn ®WE Q9 HE WS
(conservative variable) & ¥A] W= (primitive variable) 2 M3}

o W3 Ay P=oQlon= ot 2 (2.4)3 7T [10]

Py 0 0 0 Pr
B Pyt p 0 0 prit
P= Py 0 P 0 p7v (2.4)
p, W 0 0 p prw
pH—1+ph pou pv pw pTH+phT_

2249 " ofef HA= Wizl thdh ot FA A WHTE

AW=—R (2.5)

B =Rt 2 (2.5)0 AMG 7|HE AL3}9] iteration vt} WA
2o ATE At 7HEstE WEsilh 1=, AMG 7% WiellA
]_

>
ofo

= HEE V) (2 relaxation method) CE2E  symmetric



Gauss—Seidel 7]Ho] AF8-5 S},

2.3 AMG 714

AMG 71H9 A= A 27HAZ ved, A WA AAE setup
phase® AMG 7|HA Z+ AT HANES AT o AEH=
coarsening AkzH(7*), prolongation GAMAH(Z ), A7 AS B

(coarse level matrix : 4*) S A fihjr o] Ax= AMG 71 Wi
A AEFY AAEE AR st 54 o] Qlok g7 Z9 e %
st A A ZE=Y a8Aes adEfor stk ¢ oWA AR
solving phase®# ©]7A setup phase®|A #AZ¥ coarsening AAHA},
prolongation AkAF, A7 Al Fd¥ vl AAFH HHE J]HE o] &
sto] Fojxl A& AlAtsk= AAFolth. Solving phaseol A W2 Al
of ouwst AME HFst=vkel] wel AMG 7158 AlelEo] A=
HEARQl APl Z 2= V, F, W Abe]Eo] Qlvh ®3, AMG 712 4%
¥+ coarsening WA o W} classic AMG 7|, additive correction
method 7]8F AMG 71¥ So& et

AMG 71H2 AR 7]kt AHE o] &hA &
°] coarsenings TR A& A2 Folxl A 9= FB
H 9] undirected adjacency graphs 3l AlZF¥ETt  Undirected
adjacency graphellA oz Q42 7l 5%?1 Az NeE A St

Hlth 2} 3d Qg 4o oJeto] 72 AR A4 &
JH@. Dol dF dAE AT I AMG 7'H 7]sehA
A ARE o] &okA 7]l ATHEHE= ‘AR g dojg v
g2l A7} o}, undirected adjacency graphellAl 7]Q1st  “7}AF
Az Z olwleks Ao ®E gt

N



r T r
r & I X

A — rZ & T X X
r & I X
Wi i r
i Wi Wi CE_

9 2.1 =Ho| 3t undirected adjacency graph
2.3.1 Classic AMG 7|4

Classic AMG 71¥2 GMG 71§ oA dF3t=
F2 el (smooth) ¥ 48 ©E /MEoE T AMG 7ol
Folxl Ay dEzw Azt digt AAARE votshr] e,
AMG 71¥ o9 Hersld o= HkE 7|Ho] g a84078 9=
=olA Xolve AHd AeY exE % =
smoothness” 2}1l 3} Fojof sf+= AF 52
o, ¥h& 7|¥e ol gl AAtE AR vE AbEsto

A2 (residual equation)?l 2} (2.7) 0.2 AT 4 Ut}
Au=f (2.6)
Ae=r=0, e=u—wv, r= f—Av (2.7)

Jela o2 A W™ erw EASW obd A(2.8)3 o] A4

Zlo] 7hsstth. A (2.8)= gste] FHe) o4 Axte] vHE 2
&l =

B BT AN B3 T % 5 gk,

ko

3
A

i T H 4:11 T



HE)elM FA% + A%, vz ead A7t AW FHS
A e AN Aol FFL A FE Ae % 5 Ak a8 7
Aol st BakAl d@Fe Tk AS okl 42.9)7% Lol Folw
. 429604 6% @A A (threshold) 24 EAe] w2} 004 1 Apo)
o AHgATL AR gow FoAr

—a,; = 0max, . {—a;} (2.9)

U @Al B ZF(interpolation) =< prolongation ©@AA = Z+
Axpel A 7t Ado]l | WFor 2x7F “smooth”  dtthz AR S
ol-g3sto] A Aol AAE FH AX== dFE Aol wet oy i
(2.1) 8} o] 371A 9] M2 AXE w3ttt o] C/F splitting®] 2}
=

E 2.1 79 AR WE

Notation Description
o Al Aol fstey FHst dd BAE A
’ coarse AAtZE A A H ﬁx}
A AApell wjsto] Zsh
L fine A= A€ A=
A AR}l dste] <kst <
A4z AR89 A%

dd BAE 7ML %le

.

A4 BAE 7HAM fine

Z(2.D)oA dAF3dt= C/F  splittinge  heuristic rule®} color
scheme®& ©]&3%tt}. Heuristic rule IA 27X 2 v 2ok (11
12, 13]



Rule 1: BE fine A#] thste] ZatA g *
Fol ek, Az st ol AdHe] Glelok gk,

Rule 2 ¢ WFE ¢ WFe] Sa AAEol A% AAEHA e A
o 89 A Fololok k.

Rule 1 C ARy F, FAXRES BHEA 44 & JAEs f&
stH rule 2+ C AX7Y AAHE= Ao WASH. o2k heuristic
rule2 #7]™ coloring scheme< %33t}

Coloring scheme> A2 W45 A
A7) Bk Zpet AAd dAe] 1 A e
AA AApell gk A\ g ZAFSEY] 7HE &

t‘éz AR} XW?SFE‘r ol wE Axtel Ao Y= wWol nA
]_

i
o
1o
<
o L

AAd A wet F, S F, HFEE WS o= rule 19 93 %}
A= AAEo] Jlow i A
N Az Rk 1] B gkt
I 5, 8 EHA 2 AAEel et Hol Aw= A= AAE 3t

U Z} % HHEsioy 2 A= FEolA iRl ATt 8,
-1¢] 9—point stencil FHE &3 AAE Hol=

e
O,
o
E
1
=
X,
A,
{ij
e
o
N g
1o
o,

Prolongation ?ﬂ’&x}% A= Al O o &3l S U= F

H
9 (injection) 8tal F,, F, W2 32 FW¥E C T X35 = s

w

w

of 7IEAE #F3 T ggoza AAHEL o]E ol 21(2.10) 7 o]
x5 oAk A QA0 AMA w,E TFEAEA A (2.11) 3 2ol A
sto). [11]
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(jzhhe)i:{Zwijej e (2.10)
J

CL + im~'mj
W;F[ Z amk]

KEC 2 11)
K a; + Z Q;,

ne Eu!

221007 A (2.11)& o]€3te] prolongation AALAE A s},
Coarsening AXFAt= 21(2.12) 3 #29] prolongation AAFA}e} & A
(transpose) #AIE AU, A7 AS dHLS Galerkin conditions

gl obefl A (2.13) 3 o] AAHTH

B, = ()" (2.12)
A =phAtg, (2.13)

2.3.2 Additive correction method 7|8t AMG 719

Additive correction method 7

o
>
=
@)
)
EE

< classic AMG 719
o] wAl(fine) ZAXR}eNA C, ‘ﬂé—zr% gkol 2471 74]% A2E Tt ete
C/F splittinge 3] &3 13 (2.3) 3 Zo] A AT AAEE &
HAtozx A AT ARE Ak 7ot & =RelAe
additive correction methodE 7IWFCE 3= AMG 7]'H& o] &3lo]
o]y =AE siA sttt

_11_



Z a2 AR
N\

a4 2.3 AAF 3 AAl

Additive correction methodE 7IRFO®  3S= AMG 7]1H 9
coarsening A= o3 Zth Classic AMG 7oA A5 743t o4
HAE 2, HUHge AE Ze A gE2A, vA A2 W
A, owg A3 A3 2 ZJA], 2=l 2 R wA AF AAE

1— ’ = A]
shubel A AT Az ddd ZAE A E 5 FoX dades

&3l coarsenings sttt A3tE = A AR - E “mgbmax”
gt o] 58 WHaE daugF: del #EH. oldst &3 daugEs
" @4 2o 7ds A1 A2 AT AAE s flske] &
159 4y wi/Hs] mgbmax #S WESeE S ARG A
3 AAE VA e AR Y SAEES AAH}leH, ol VWtew I

1 A7) Axfol| 3% v|A Az} AHS-
([’?h):{ (2.14)
0 43 AApol| 5| A G2 Al AR} -5

R ARgEE AMEEACl 42140 Hgse AP 25

,12,



HE7E AlbE ook st7]e) 10] ofd, W JeutEe] A7]E 7HA = A4
AR Y w9l Eo] 1 Al A Eojof st 23] Af 4x4 A
o] @9y do] A EW coarsening A A= EF 34 dEH FHE
UA "o ol 19" (2.5) 9 odF Fste] & 4+ v 13 (2.5)
A HS JAoRE A AT AxE 2dsision A AlS AR
5 T 7)E

o M) E AZHY el %13

~
o

)

=

My 2
o

:

A (

Start
current cell
index = 0
No
Current cell Current cell = last cell
index +=1
M Get rid of strongest neighbor cell from
. U_Ncell
U_Ncell = not grouped neighbor cells
G_Ncell = grouped neighbor cells 1
Find strongest neighbor cell in U_Ncell
and group it with current cell's group

Yes
Current cell N No urrent cell's group
. U_Ncell size =0 M ; -
is already grouped size + 1 <= mgbmax No
Strongest Yes
cell in G_Ncell |—/ i cell is in current cell's
Yes group
M G_Ncell size = 0

No

f

Get rid of strongest neighbor cell
from G_Ncell

Current cell's
group size + strongest
neighbor cell's group size
<= mgbmax

Find strongest neighbor cell in U_Ncell and
group it with current cell's group

Group strongest neighbor cell's
group with current cell's group

!

Get rid of strongest neighbor cell
from G_Ncell

Get rid of strongest neighbor cell from
U_Ncell

‘G_Ncell size = 0 or

current cell's group size =
Yes Current cell's group

U_Ncell size =0 size = mgbmax
No Yes

19 2.4 Coarsening A2} &3¢

HN

Additive correction method 7]¥F AMG 7]¥19] prolongation &34k
A= classic AMG 713} mzb7kA &2 21(2.12) 3 29] coarsening <
ARREel A #AE AdTh Prolongation AAMARE A (2.7) 8] @b

_13_
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AAZEE AAxtE x5 A3 ARE o] F1 Qe
A AlZE ARER ¢ vjE st B4 (correction) S 3§ o)

Coarsening operator
1 2 3 4 5 6 7 8

[ .'lé .'lé 0
............ R S 1
. ] : [ ] : [
Seeens L - S l‘. .......... F#.#.
img iomgimgl 2

[,fhr¢w227“¢w:0 (2.15)

PhART & — Pt = (2.16)

A2h 2h __ 7ah

9 2(2.16)& 3 A0 AF FHA™) S g A coarsening
d*&x}ﬂ prolongation AAFA7E mlAl AlF WH(AM) Q] Fde] FalA
= FoR AxEE AS & F Ak o714 2(2.16) 9 Ak E
A2 AApel A 9] BEgke] sl AxtE T35k Al AR AEgke] g

o

O



a9 2.6 CA sH AR

9h 9h __ 2h 2h , 2h 2h , 2h 2h , 2h 2h __ 2h
A7 = ay g6y tap ey taye taysest =7 (2.17)

o5h __ h h
Ay = Ay Tag5

o5h __ h h
ay 1 = a2,3+a8,9

oh __ h h h h h h h h h h
Uy9 = Qg o T a5t a7 7T a1 0y 7T 05,07 5T a7 610705,

a%f% = ag,lO +a§712

2 (2.17)& AAS] B, A7 AF d=He o7zt (diagonal) € X
ol A (@) e dld AxE P vAl AS AAEL] WA A
Ao AFEd YFE A4 dA e iFdst= A7 gaiA AXE
Sof, ozt 3ol Fol= Ase v A% BE 97 Al

s ASEe go ANEE AL HAT Yk

of\

% 2T 8@



2.3.3 AMG Alel &

AMG 7|9 setup phase°l* AA3t coarsening AAFA}
prolongation 9AAFAE o] L3} Z; AF WAAS Azsith. 83
AR ZF AFel FEeke oA wel AMG 71 o] AfolEo] A H
o g EH AMG AR E R V ALOlE, F AlolE, W Alo] 9] 9l
o] Ato]ZFEL2 BT 7P 7124l 2—grid correction AFO1ES ZHH%
O 7 ARk darg]Folth

2—grid correction AFo|EF2 2719 ASHto =z FAET ol 7

v}

o angzon FHHEG
2 — grid correction AlolE d1dlE
L AalRA v, 35ukE B 7IHE Tl 2] Alu=foll AME, A 8 vE AL
2. AL 8 vE ol gate] Ak g Al =" A
3. Coarsening/prolongation @A4tA} Ab&- &1 AlF &2 WA APe? =2 YA
4. 391 A A g oA e ALt
5. AAtE e prolongation AAMAE o] 4, w7 z18

(Uneuv v+ 4 62h)
6. YL WA Fgh e 7] FOo® 24 Alu=folA AR v, SAFUF
71 S AREE HEF el ARk

=S oy 2HQRHAY EA3E=
Aol 7hestty. 198 (2.7) 9 3F¢ AlSelA 2—grid correction &l
Zo] AAHoR AFEHORMA V Alo]F F Alo]F, W Ato]Zo] #|zHe
7}
2

9] 2—grid correction ¥3lg

A (2.8)% Sl 4 Aol E e Aol dste] #lE 4 Stk
AROIEE W, F, V AROlE =M tiZ ALt BlE2 @Ol LRI
?JE‘r.

rlr
I

gfﬁm
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Qh’ ————————————————— Ahx = b |terate v times Ahvh = b Iterate V2 times
rt=p— Ahph v« ph + IgheZh correction
AP = I,ZLhAlglh restriction prolongation
2h _ j2h_.h
r<t =1 r
Q2h A2he2h — 2R Calculate e2"

19 2.7 2—grid correction scheme

Level 1

Level 2

Level 3

Level 4
V cycle W cycle F cycle

1% 2.8 Multigrid Atel&

2.3.4 3 714

Additive correction method 7|5F AMG 7" § 19 (2.4)9 <&

18 F 0% setup phase’} X HT o]d oA A3t Setup
phase Uldl& 72t A A4 AL s FQlste] 7 A3t A4 s
7 A= AARE A3 mgbmax #UHE IS WSl o=
coarsening AAFAF9} prolongation AAARA}FE A 2Fgh)

Folof sh= A A el Mert & Ui Ag E AAE 94
I AEE FEEe] AYgks ol &sto] AAE Aleld] A A=
Sl B =FoA AMG 7IW S AE3= J A
Az ol 4, %, 259 oy HEyTt Agd

_17_



Qdo] Azehpon wdHA Faha, ok 19 (2.9)% 2ol (2.5)
o @ el Jacobian WY HEHZ el frh 239 A%
4x4 Jacobian B e AAE A4 wAt BAEM A4 3
w9 el WAe PU QAES o g3l AYUTh o Axe] A7

BAE Felahs WHe B wEeE (R AW o2 dwe 10
7FA] 71 S o] &35kl AMG 71'H e 7HES Aes gl AFESE §
A 7IHES obd %(2.2) 9 £t

EEN OR1  ORL ORI ORi

=I - Ok M Om Om

oW W owWs oWy
OR3 OR3 OR3 OR3

O oW, oW, oW oWy
) ) Representative
<LHS matrix structure> <Flux Jacobian> scalar value

a9 2.9 ¥E W A& dE 8

% 2.2 <A 74

Index Method

1%' diagonal absolute value
2" diagonal absolute value
37 diagonal absolute value
4™ diagonal absolute value
P — 1 norm

P - infinity norm
Frobenius norm

Max norm

Trace of matrix
Determinant of matrix

—

OO0 ||| 01| &> |W (DD

—
(@)

Az}l A4 #AAE YeElE Jacobian EE 4x4 o]V
(2.2)9] 1~4¥ ®wHE dH] izt 24 5 Y oAl Fob= 79

_18_
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AAzks o] g3t= whHoltlk P—1 norm, P—infinity norm, Frobenius
norm, Max norm<- o} 21 (2.18) ~ 21(2.21) 3} o] AAiteT}.

I All, = max Z|%| (2.18)
1<]<n

IAll ., = max Z|%| (2.19)
1<z<n

Al (2.20)

Frobenius ~—

Al (2.21)

maX|a

max

_19_
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Al 3 AMG 7Y B5 AT

3.1 Poisson equation 34

2 Ao eE AMG 7= AFESRA] ¢+ AlAMH classic AMG 719
¥} additive correction method 7|RF AMG 71'He] 2-grid Alo]&S
o] g-3Fo] AAbe= A= Yil 5—point stencil 3 A& 7|9
(finite difference method)& ©]§3t%] Poisson WA 24 [11]S Eojx
stom, ojuf AAtuith A= AR A Azt JeAdE Ttk
Uk Alkel ARG Poisson WAAZ ofdf A (3.3 #Zom A =4
< obgf E(3.1) 8} o] A3t

82u 82u

oty = 200 -6f ) (- - (1-6)’ (1-2”)) (3.1
ox oy
u(r,y) = (@ —2")y' =) (3.2)
% 3.1 AAr =4
Criteria Description
Grid 64 X64 quadrilateral grid
Error convergence 1.0e—10
Iteration method Gauss—Seidel method

AMG threshold (classic) 0.5
mgbmax (agglomeration) 4

AAE A3boll tfsk Ak A& &l 2 (3.2) 9 A A & (analytic
solution) & Gauss—Seidel 7S AFE3F AAF classic AMG 7]¥ 2}

,20,



7} Gauss—Seidel 7]¥HE o]&3t AAT classic AMG 7|4,
additive correction method 7|WF AMG 7|H& o] &3t AAate]l a1

22 O¥ @B FH5, A4 sl 29 @B.D e Sl AAdskitt.
Classic AMG 7I1¥3} additive correction method 7]¥F AMG 7|¥ &
ol-&& 3ol WA & Aol= 19 (3.2) F o] v, Zol7p A
Hb Gauss—Seidel 71" zte} FLstAl vgkzlel AMG 71 o] &7
ALHE & T AsH AQ¥= ALY iteration 3= 3 (3.2)
°f . ¥ (3.2)F T3l classic AMG 7IWe 45| additive
correction method 718t AMG 7|HHt} £ 78 A3t

F AMG 71'H¢ A5 zkeli= additive correction method 7]RE
AMG 71Ho] 23kS 71¥FS. 2 prolongation GAMARE A ZFsl= WA
classic AMG 7I'H& % A=Akl tist #hss ol&ste= Bk 7|ut
% prolongation AAMAE A &ep7] o] YElE 5o Apololtt. o]
A& o A Azl oist YIS Y

L

o
Lo fo

-
%3l coarsening AR} 5t
=] - == =]. O A~
A 1Hsk= Flo]l 28 & 5 b
Residual graph of Poisson equation Poisson equation’s analytic solution
10'F T
1 -0.005
10" | -0.01

——=—— AMG(classic) 08
————— AMG(agglom) r 0.015
———— Gauss-Seidel

-0.02

06 -0.025

-0.03

N
o
e
T

-0.035

residual

04 -0.04

-0.045

L -0.05
02 -0.055

-0.06

1 L L L 1 L L L 1 L L L 1 L L L 1
0 2000 4000 6000 8000 0 0.2 0.4 0.6 0.8 1
iteration X

Y e e [

138 3.1 AL @Az a2 xEet A A s contour
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¥ 3.2 AMG, Gauss—Seidel 715H2] A4 4=

Method Iteration Time (sec)
AMG (classic) 25 1.7945
AMG (agglomeration) 3562 47.515
Gauss—Seidel 7866 400.6273

Difference between AMG(classic) solution & analytic solution Difference between AMG(agglomeration) solution & analytic solution

1 1

u_diff u_diff

1.2E-05 I 1.2E-05

0.8 1.1E-05 0.8 1.1E-05

1E-05 1E-05

9E-06 9E-06

0.6 8E-06 0.6 8E-06

7E-06 7E-06

6E-06 6E-06

0.4 5E-06 04 5E-06

4E-06 4E-06

3E-06 3E-06

02 2E-06 0.2 2E-06

1E-06 1E-06

0.2 0.4 0.6 0.8 1 00 0.2 0.4

X

o thsk AMG A A3 2}o]

4 3.2 @144

Y49 NACA0012 93 sfiA

3.2 ol=& <

2 olAde g5A FEalAAlel additive correction method 7]RE
AMG 71H = A&sto] 7H53keL Suke a5 AlvtsteA] ofF-5 Z<ls)
Atk AHEE GEA FEANAGE e Axte] B0 MFES A
379, classic AMG 71"ARt} Ago] foldty o)A oo 27}
7}5% additive correction method 7]WF AMG 71H& A £330
2H7he (triangle) O type AAke} AFAFE (quadrilateral) O type AAE
o]-§-3F NACA0012 o1& A= A sttt
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A grid refinement testE
Stt ot F 19 (3.3), 198 (3.4) 1 o] A7

Aol el AP A4S A3
AR} A1z AR

o] nlals 0.5, WSzt 1.2555 FHdo® 727 grid refinement test
# Agason, o B 49D AAE A% Agel Ate U3
39t} Grid refinement test A3, 2713 X}ﬂ 9 74,3487 Tt
2ol st AE GO, AR A4S A5 108 A Fre A
AREE QY AR 212 o] #(3.3) % EE}. Zy Akl ARE-El CFL
S 2k A ALE s E AgkE ol 3ty
¥ 3.3 AAr =4

Criteria Description
Grid Triangle, quadrilateral
Error convergence 1.0e—10
Mach number 0.5, 0.8, 1.2
Angle of attack 1.25 °

Iteration method

Symmetric Gauss—Seidel method

mgbmax (agglomeration)

4

Lift coefficient of quadrilateral grids

0.175

017 -

Lift coefficient

0.165 [~

0.16 |-

Lift coefficient of triangle grids

0.176 [~

0.174 |-

Lift coefficient

0172

L 1 L
100000
Grid

1 L 1
60000 80000

19 3.3 NACAQ012 <9138 Apzbs,

o =

L 1 I
120000

1 L L 1 L L 1 L
60000 80000 100000
Grid

A2 AR ojet

L 1 L L
40000

HA 1
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Drag coefficient of quadrilateral grids Drag coefficient of triangle grids

-0.0002 -

: -0.0004 |-
-0.0005 |- I

-0.0006 |-

o

o

S
T

i -0.0008 |-
00015

-0.001 [~

Drag coefficient
Drag coefficient

o
o
S
[N}

-0.0012 |
-0.0025 |- i

- -0.0014 |
-0.003 |- I

L1 1 PR P 0.0016—v 1 1 TR RS B
60000 80000 100000 120000 . 40000 60000 80000 100000
Grid Grid

19 3.4 NACA0012 ¥ A4, zkd Axfel thst &8s 1L
S E

AZkY AR dhaA 18 (3.5 % 2ol AMG J1HE ol &@ A

AMG 718§ o884 ek A vhatsel viE contour 3

B I I
S skt 19(3.6)¢ HZel= }
7z

S ARgskE Aldre]l AMG 7S AMESEA] @3l symmetric

Gauss—Seidel 7|9+ o] &3}o] AXS= AlAbol] Hl&] ALztd AR}
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BE 82%, A AR S 87T% L AlAHAIZEO]

1 . 0.2

CoordinateY
o

S
N

-1 -0.5

0
CoordinateX

0.485387 0.516317

Colored contour & Line : AMG
Red Line : Gauss-Seidel

0.6

19 3.5 oF=%, A AR wlhelk contour

Residual graph of subsonic case (Ma = 0.5)

Pressure coefficient of subsonic case (Ma = 0.5)

_0.5_
i ] AMG
Gauss-Seidel
4 AMG
Gauss-Seidel B
- E 0F
i KT
2k ]
17 - o
%]
[ e I
o of 205
L o
8 |
i o
I 1
=Hi I SRR RS BRI S A _‘Hl‘.,n‘”:.”m‘.:...n
1000 2000 3000 4000 5000 0.6 0.4 0.2 0 0.2 0.4 0.6
Pseudo_lteration CoordinateX
O A S ©) = 3T ml o 2= A
a9 3.6 ok, AME AR A adE 9 G Ag =
Ly &
e ,A-] s
et =3



Mach:  0.05 0.35  0.485387 0.516317 0.6

CoordinateY
o

o
)

AT
-w

-0.6 Colored contour & Line : AMG
Red Line : Gauss-Seidel

]12 -1 -08 -06 -04 02 0 02 04 06 08 1

CoordinateX

19 3.7 o}&& A7E Ao whstS: contour

Residual graph of subsonic case (Ma = 0.5) Pressure coefficient of subsonic case (Ma = 0.5)
-05F
I = AVG
Gauss-Seidel
4 AMG
Gauss-Seidel
| = |
H .! 0F
2H s |
2 H E
s [
0 I <]
I3 (%
e I g
o oH 20
L 0n 05—
L g |
| o
2+
a 1
AC Loy
1000 2000 3000 2000 04 02 0 0.2 0.4
Pseudo_lteration CoordinateX

¥ 3.8 of=F, AHAE AR Ak g Bl kE Al e
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0.65

1 . § ! 0.491737 0.522527

0.8

0.6

CoordinateY
o

-0.2

-0.4
o R

Red Line : Gauss-Seidel

-0.8

-1
-1 -0.5 _0 0.5 1

CoordinateX

9 3.9 W7t 1.25%, obg 5,

v}34= contour

A2t AR

Residual graph of subsonic case (Ma = 0.5) Pressure coefficient of subsonic case (Ma = 0.5)
6 -
s = AVG
05k Gauss-Seidel
4 AMG -
Gauss-Seidel
-
c
3 2 -
%]
o 2 £ OF
5 o |
» [}
o | Q
(3 [
< g |
o of 2 |
| 7]
o5
| a o
2+
I T
I I BN BTN SR N S AT I AT S TTIN RSN SN N AN SN S S NS S N SR
1000 2000 3000 _ 4000 5000 6000 04 0. 0 0.4
Pseudo_lteration CoordinateX

a3 3.10 ©57F 1.25%, ofa4,
A 183

A 28 Aol Axp 1= 9 ok
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E 3.4 obad 99 F Ak Ay

Type ) Elapsed time Lift Drag
] Iteration o o
(Grid/AOA) (sec) coefficient coefficient
AMG
368 284.309 1.3157e—09 9.3412e—06
(Q/0.0)
Gauss
Seidel 5555 1545.652 6.5005e—15 9.3412e—-06
(Q/0.0)
AMG
203 103.750 —-8.3224e—-04 —3.2106e—04
(T/0.0)
Gauss
Seidel 4120 833.742 —8.3224e—04 —3.2106e—04
(T/0.0)
AMG
371 284.120 1.7683e—01 3.0908e—-05
(Q/1.25)
Gauss
Seidel 6694 1848.797 1.7683e—01 3.0908e—-05
(Q/1.25)

3.3 A% 99 NACA0012 93 34

de% 9o BAL vkt 082 fEolM NACA001Z o3 a14&
AGAGE. A4 2D ok Oﬂoww A s e e

AohA] e Oﬂoﬂol ‘?:_}*35‘}7]01] X o A R P I |
49 limiter7} ©] A iterationo|A Alate @z A FH o] Aile] Ak
HES IEE AT olul AFE-E limiter Venkatakrishnan
limitero] o}

ol5% FgelMe A5 mRHAE AMG 7I¥le AREsE ALk
AR ok Alake & & 79 (3.11D) 9 vhskEe] Wt contours,

E

,28,



79 (3.12) 9

5FA]

A BEFAMG 71ME ARSRE Alaka AR

L

[¢]

Azt

T 47%,

27te] 7

73

AelX AMG 71% ARE o F-of whe} AL

5

ARl o

A

7_'L

F¥(3.5) ]
At

AApe] 3% 61%9) AxATEo] At

o] AXF Al AY iterationd} AARA S ZHAs)
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Mach:
1

0.2 06

CoordinateY

0.726228 0.85618 1

B -0.5 0 05 1
CoordinateX

a9 311 AeE, A AR eles

contour

Residual graph of transonic case (Ma = 0.8) Pressure coefficient of transonic case (Ma = 0.8)
5 - i
¢ = AMG
3 AMG | Gauss-Seidel
Gauss-Seidel o5k
2 E -
S
g ! g
§ 0 S |
o <.
& 4 2 |
&
2 o
N 05
-4 |
Se 1 T TR - TR TN [T N NI NN NS SN N SN SR SN T |
0 2000 4000 6000 8000 06 K - 0.6
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1 Mach: 0.2 0.4 0.6 0.726228 0.85618 1 1.2

CoordinateY
o

-0.2
-0.4
Red Line : Gauss-Seidel
-0.8
-1
-1 -0.5 0 0.5 1
CoordinateX
yd eI & ©) =L 2=
g% 313 Aws, A" A wkekee
contour
Residual graph of transonic case (Ma = 0.8) Pressure coefficient of transonic case ( Ma = 0.8)
A
of = AMG
| AMG Gauss-Seidel
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05
I c
2 g
o &
2 | S |
¢ o 29
e 2 |
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g
o
2k i
I 05
4k
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0 2000 2000 6000 8000 10000 0.6 04 02 0 0.2 0.4 0.6
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a9 3.14 AS%, AAE AR Fap g W EAS g2
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1 Mach: 0.3 0.5 0.7

CoordinateY
o
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Red Line : Gauss-Seidel
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_]1.2 -1 -08 -06 -04 -02 0 02 04 06 038
CoordinateX

T ]

0.8 0.918148 1.1 13

1% 3.15 w57t 1.25%, "S5,

v}34= contour

AE AR

Residual graph of transonic case (Ma = 0.8) Pressure coefficient of transonic case ( Ma = 0.8)
Al 1 = AMG
3 Gauss-Seidel
I AMG 3
: Gauss-Seidel L
r 805
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e | £ |
=] - 3 |
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e | 2 of
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| E -
2 o 3
- 05_
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3% 3.5 "SFH 99 oy A A3
Type ) Elapsed time Lift Drag
Iteration o o
(Grid/AOA) (sec) coefficient coefficient
AMG
1530 1132.123 —1.8793e-06 5.3655e—-03
(Q/0.0)
Gauss
Seidel 9249 2122.931 7.6066e—05 5.3372e—03
(Q/0.0)
AMG
1304 636.024 —-1.3118e-01 8.6059e—03
(T/0.0)
Gauss
Seidel 10523 1642.910 —1.3115e-01 8.5867e¢—-03
(T/0.0)
AMG
806 584.836 3.1018e-01 1.7753e—02
(Q/1.25)
Gauss
Seidel 6575 1494.864 3.1018e-01 1.7733e—02
(Q/1.25)

o] NACA0012 <93

A Azpe] e

A e RSl TE wlekgre] st

contour, 2}, FEAF THWEZE ofdf 1¥(3.17) ~ I1H(B.22)0%

A E QA7) contour$t EAT THEZE FIEA AMG 71HS ARE
A

el Axbt $AS

\]
1o,
Jo
ol
k3
Mg

o
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contour
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CoordinateY
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Mach: 0.10.20.30405060.70809 1 11131415
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Colored contour & Line : AMG
Red Line : Gauss-Seidel
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CoordinateX
9 3.21 WS 1.25%, 2%, A4 e ARk

v}34= contour
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3E 3.6 255 99 oy A A3
Type ) Elapsed time Lift Drag
. Iteration .. .
(Grid/AOA) (sec) coefficient coefficient
AMG
380 275.076 —2.8420e—07 9.5420e—-02
(Q/0.0)
Gauss
Seidel 2070 487.966 6.6607e—06 9.5420e—-02
(Q/0.0)
AMG
642 287.049 —-3.2778e—-04 9.6787e—02
(T/0.0)
Gauss
Seidel 2602 395.323 -3.2834e-04 9.6790e—-02
(T/0.0)
AMG
370 265.680 9.2409e—-02 9.7278e—02
(Q/1.25)
Gauss
Seidel 2044 476.402 9.2409e—-02 9.7278e—-02
(Q/1.25)
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A 4 s

4.1 NACA0012 93

& Aelld= NACA0012 9+ ofa& (st 0.5), A& (vhsk<e
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Abstract

Implementation of algebraic
multigrid method and
performance analysis on

unstructured flow solver

Seunghyeon Kim
Department of Aerospace Engineering
The Graduate School

Seoul National University

Present study implemented convergence acceleration method
on unstructured grid based compressible flow solver. The
convergence acceleration and accuracy of the calculation were
verified by solving the symmetrical airfoil problems based on
unstructured and structured grid for the two—dimensional
subsonic, transonic, and supersonic flow regions. In the transonic
and supersonic flow regions where the shock wave occurs, the
limiter freezing method was used. The calculation was carried
out by making the limiter uses the values from the previous

iteration when the residual reduction stalls.
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The coarsening method of the algebraic multigrid (AMG)
was based on the additive correction method, and coarsening
was performed through agglomeration according to the grid
connection strength given at each levels of equations. By
conducting case study changing the agglomeration method which
defines the connection, transonic and supersonic flow region
simulations were performed for the symmetrical airfoil.

In addition, the difference of each agglomeration method
based AMG performance was analyzed accordingly. In the case
study, the absolute value of the diagonal element of the Jacobian
matrix, trace of matrix, matrix norm (P—1, P-infinity, Max,
Frobenius), and matrix determinant were used as agglomeration
methods. As a result of the performance analysis, it was
analyzed that the cause of the performance difference between
the calculation with the best performance of the AMG and the
calculation with the worst performance was due to the difference

in coarsening performance.

keywords : Computational fluid dynamics (CFD), Convergence
acceleration method, Algebraic multigrid, Additive correction
method, Inviscid flow, Compressible flow
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