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Psalm
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Shout for joy to the Lord, all the earth.

ZIBoR o5okE A7|H LaistEA 19| o vobdz ot

Worship the Lord with gladness; come before him with joyful songs.

Aot 97 shpdeldl & sl Aol = $uE oA
olg = 19 Aoy 19| wigola 9] 7|EA= Fol2T}
Know that the Lord is God. It is he who made us, and we are his;

we are his people, the sheep of his pasture.

TAgte g 119 o Soi7h FEte=w 119 34 Sol7HA
oAl ZHAFSE] 9] olBE $EFA oIt
Enter his gates with thanksgiving and his courts with praise;

give thanks to him and praise his name.

Ao ok Mk 19 sl Gelsta
9] skl didhel olz a2t
For the Lord is good and his love endures forever;

his faithfulness continues through all generations.

AR 1008, ZAre] Al
Psalm 100, A psalm. For giving thanks.
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of. T3 A (2.3)] YEbd g
o] Agstol= Felsttt. AZE 1

g
o
=2,
4
SL
2
o
_\E i
.
3
it
rE
riok
o]

) A7} By,
<& 5o dARER olfod HE Q & F&HHsE A stoiA]
o] FIo
Ha|st
EAE7] wfjBo ZuiuhgA]

@otd chet 2k

w4
SER!

(2.6)

o7|A ZtZB|gt T e ¥ VvV, ., V., V., V, = 4 QDI 4 (2.8 et

XX Xy ? yX ° yy
Holom, 7t Wge] B2 ol HAE HAF W] tigh H mlE-g ofn|gitt,
Py 0 0 Pr
_Q _ up, p 0 Uy
aQ, Vo, 0 p Vor

h’p,+ph, =1 pu pv h°p +ph;

a T
V, =R, b _ O,ﬂya—u,y@,ﬂyua—qu v@+k§j
OoX 3" ox  ox 3 ox OX OX
8 T
vyeR, (0 20 B B2, 2)
oy 3" oy 5y oy 3° oy
oQ o2 8u 2 au v
V :R p: O, —, —_ _+ u_
= T oy Fox' 3y T3 8xj
a T
VW:RW Qp: O,ﬂa—u,fﬂ@,ﬂua—u—kﬂﬂvﬂ-l-ka—-rj
oy oy 3oy oy 3 oy oy

(2.7)

(2.8)



A4 9B 2EigEAe] FEHE FLs wET1 flsl A (2.9)9F A (2.10)
of Mz WEE Zolst Ui I3 et g2 2o &+ 9len, 4 (2.6)°] td
ks

slo] A2]slH Navier—Stokes 2 EIAST 2 9rH30].

o
i)
filo
1>
S
—_
—
N—
lo,
oflh
a

U
oot 2
P Hl3ox 309y
(2.9)
N puv—y(@+a—”j
OX oy
( e+ p)u_ ﬂ@_u_g@ + @ a_u kﬁ
- MO 3ax 3ay) \ax oy )] ox
F=F—(V,+V, )=F+F,
o
puv_ﬂ(%a_“j
ox oy
(2.10)
- it 2
P Ml3ay 30ox
(pe+p)v—| u| v AN 2 ) K A AT
PEEPIVA A M 3y T3 T ax Ty )y
Fan+aE’+aF’=0 (2.11)

o4 ox oy



2.2.1 qz73} FE9 74

-

gt

i &2 A 21D+ 3NN E FL

I8

(2.12)

oF,
oX;

aQ,

ot

)

Agle] Z3 2o

L
-

A7) A (2.12)

Ei+Fj+--

F

(2.13)

X = X(X, Xy, )

r

=]
=

%

P
T

stod A
A

o]g

o] Atztx|],

2

A

=
=

a2l (2.12)
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2 AT 4 Aot 7€ Aol sk &4 Al W= p,, o pp, hy, by

oF
=<

o1 74417

E
=

F
el

.
__OO

T, oA

S

A

R

o1,

&

t}10,22].

o}zl

Navier—Stokes B4 A1 23} Zct

(2.14)




4 4% A5z 247 et o] Hojd.

, (2.15)
Vo, 0 p Vor

p;=\% where V _mln[max(v Voo Viss ). ]

inv? Y pgr? Yvis

(2.16)

A7V, = HIAEAE &= A:, V= g8 = AR, J9Y V= A

vis = H

v = P
inv d,
(2.17)
d = ph; p, + p; (1= ph, )
where {d'= ph,p} + pi (1- ph,),
=2 M —min(M,.1), M, =2
o C
A
v, [ (2.18)
yo,
v - Y (2.19)
Re AX
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2.2.2 O|F NZHAXAYLS 9 | ZA3} Navier-Stokes F3 4]

F

Al (2.14)9] AXATE] ol Z73} Navier—Stokes WAAlL Ea|& AJ7he] Zgjo]
THER] a1 FMAE Ao g e g FLAE|o] itk o] Ao H|AHAY S-S ¢
sto] E2)& A7F Ao tst S ZsbeH treat o] veRd 4 gtk

aQ, Q.
or | ot ax

| (2.20)

do

A e A2 golshl ob7] SAstel Azt Ha AL Bl et 7
A3t AP ulRe] A2 ATHSA okt ol WY S ek

0 _
F'&-Fﬁ

L=0 (2.21)
ot OX

o714 WlE F ot @4 x = 2ald Az to] fhd A9e
o} o] ThA] Heojeet.

1:1°l‘

Fsto] 2] (2.22)

(2.22)
X = X(t, X, X, )

Azolet P T BPgE AL FAs, RS T Shgel

Vi = min [ max (Vi Vi Vigo Vips ) €| (2.23)

inv? “pgr? Tvis? Tuns

oA71A V, £ HAA xS S5 xR %S Swouhaldo] H]AA S5
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boi, ket 2ol oRr32l

& Az

|

A

~
,HL

o

(2.24)

Vp, = Max| uSt,,vst, |

€

Physical Time

Advancement

Decide CFL

Solve

Update
Variables

Fig. 2 unsteady time advancement algorithm
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3. &A1Y 719

3.1 HIZEHAA N A

3.11 AlojAH o] gt #eig-ga el 2§

A 3 v A 273} Navier—Stokes HAHAS Ao 2-8517] Hof A
2 W Q'S AHoste] 4 3.2)9 mE 4 WA o7 HEsHL
dQ'=TdQ, (3.1)
L . “W (3.2)
or OX;
21 (3.2)2 d499] AA Qof diste] HEsty FIF ulE o 7AWt A
2](Gauss’ divergence theorem) S #-8-51H tr23} 2t
j@dV+jF-ndS=o (3.3)
Q aT 5.

714 n2  oQol diet & HA #Eo|th, Eot 4] (3.3)°] WERd AZFY

ja—QdV ZEIQ'dV - o Q (3.4)
Q

e Mt AelE S MTE gF Fe Aol PAsn gt 9l
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o] gt Aol 4A A ALe 95 AojAA e)Fe] Me Fig 39 2o §
Sasjo] oIt wald 7+ Mulo] dig dis ke Axksle] 1
H =

=
&4 94 4 dom, ot Zo] B9

IF-ndS:ZK:Fk-nk (3.5)
oQ k=1

A e Toh Qo W gos Aot oQ =TeQ, = erd
(3.4)2] A7 R G} 4 359 g7 & FAL = P B T2 Bh5d

(anJ Q+f;n1i|:k-nk=o (3.6)

or k=1

714 ol AA me muA AAAAL julstE, ki AiAHE Tt
e kA WM oJmgitt. o] AR ol AupHAAL AH o] AT she)

Asste dAl, AAAH Wil B gt Alsetth. OEkA A

Fig. 3 structure of a control volume
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FHAAHEE Tl d2 A B.0)& A4atstr] flstel A m 2 A5tk 429

A koA EH2 #ME(flux vector) F, #b& Fofstoiof et B EAAFA of| A

U8 ZEEAE Zdste= 7P bt wHe ZAF Zet off¥ (approximate

Riemann solver)©|™, Roe sl ([33], HLL si¥[34] ¥ ©o]& §83t HLLE sf¥[35]

o] tHEA oty AL 2Rt SiH2 WO F $Fo|A 9 2] EYAE AR
"5k O

W AHEE a ek Bl Hie S8 As H) ditt M U

W (-, oF )
% e 7
( jan+ ( maQJ 50, G

o714 6Q, & LI R M5 |83t a3 o] Ao

M‘l(r‘le)M =A (3.9)
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-1k \" _ +p -1
A=A'+A = (TaFy) =MpATM,

. (3.10)
(CoFY) =M, A M)
Tk S wEe] G718 e Zol el 4 9t}
TR =(ryFY) —(TaFy) (3.11)
9l HFE Fot] 24 EYAE FFH JH= mdstH oh Zoh
I 'F 1f;j(FnLH:nR)—% r' gg"p 5Q, (3.12)

_ (80 K
rm( Q"J Q+> Fi=0 (3.13)
ot n k=1
il 1- |-, oF
where F*==(F, +F_)-=T_ |[I'*—"|& 3.14
n 2( nL nR) 2 m man Qp ( )
wEtA] AloA Ao gk AR Al HFH oz o] JEiE A2Hrt.
_ (Q 1& oF
r Pl Q+= F+F,)-T_ [I*—|o& .n, =0 (3.15)
(%) Zé{“ T, Q"} |
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3.2 vIZEHAA AN AskF 4

A A

|

we 242ke] AolAEe] thet A8 B g
F S olgstol olstsh 13 AFAR ]

2 st si7t FAES A7 WZol RS Eol7] f YHles

N
(o]
2
i)
O

(2
o

Lot

A

N P |

(gradient construction) WS ARSI

AAe HAH F55 1719 ®ol distols AZiston, HAH
=49 Waos Adv} Buo) ek mebd wgAZ A sl
$317] Slstel, A kol the H1Qe) F4E 3300 el B o

oy

o ot
-
oL

M
Y
gi

go ol _IE‘L
+ 3
oX, E
mo By
.Bi rlr

jﬂ
My
O

Q(x)=Q +Ar" (VQ) += Ar H, Ar+--

VQ:QXI-i-Qy_]-I-QZk Q Q sz (316)
where{r, =x i+y,j+zk ,H=1Q, Q, Q,
Q. Q, Q

Ar =(x=x)i+(y-y,)i+(z-z)k

AZIA X, y, = UEte ofifdAE A2 tigh HulE
ARA AN A (3.16)°] Hehd W3k (VQ), 2 Hessian H
o] Green—Gauss ' olyt A5 (least-square method) 5& ARg&Stofof it

SEARF Green—Gauss W8t /4 RS A2 9] Hefo] Ao FFe H|X]
, FE9] 4 (robustness)& WA TIE= Q710] HIY| & Jrf, ¥ HAAbs
sk A (least—square gradient construction)& 22} FAr s}
o] U H-fof e ol Hlste] o gt AvE k&S F4 &
s 37]. ek 2 dAFolAE GEMS FEofA FdE HAaAsH
744 7oz st

i rﬂlo

rE i)
|0
u
5
)
oflh

o
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3.2.1 HaAs HAF 14

Fig. 49| AojA|d ZA A 221 B=E 7= &9
H= AA FHAA FAAE WHIkEF gS Foll A 3.1 Zo] &4 (extrapolate)
shejof gt

u =u,+Vu,-r
s A A Af (317)
Ug =Ug +VUg - Ig

AA Sl olitet W& AFEE A, 2SS o8t Hetge 4L

Fig. 5o o] A AA T4 B o3t A4 FHAAL gh& soto] F5hH, o]



rol
>

oh. FHaAs

b FA2 ol 2T kel #polo] AlEo = FAM 7= Wl e Ats
= YHoE Aot A 7]= A2 A (3.18)3 At of7| A 2ol 3t E, = Al
(3.19)¢F Zow, w 75X (weighting factor)E WEFHTE

O

o o]t AlHe SHHS A AA FHHA Hivt stencilelzt
A

NC
Zw/ik E,ik (3.18)
2 2
= Z(—(uk —u,)+(uy), Xy +(uy)A dy, +(u,), dZAk) (3.19)

SlolAl terd (u),. (u,),. (u,), ) RSFEE Fob7] giste] kel 379
B4 Ardon FHE Hash EAS E 4 Qo A 53 Ee Sof

& Z3l(SVD: singular value decomposition) 7|H-2 AL-8-5}%itt.

NC NC
0> WA E2 8> WA EZ, 0y WA ER

k=1 —0, XL =0, —K =0 (3.20)
8(UX)A a(UY)A ﬁ(uz )A

AN HEANE A A7) Sstel AFA e FU DASEE 3
o Wkt vulshAE, HaAsS AL 9T AL B 0] ek 4
St Uelo] BrH3TL webd 1EA ghe A (2D 2ol Al 944 e A$
Foict.

)

ol

38,

Wy, = 1 (3.21)

\jdxik +dy? +dzs,
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3.3 HIZEHAA S dig A HAH sid

FeA Ao HgH AupgA ARl 4 (3.15)9] 7Y AIZE ol WA Euler B
a

2 Agot F4 Ao] o MAFH ALHo] WSOl oSS T 5 A
2] heled AAskE oba Web A (delta form) 0.2 WHEOIA AR FH5F 4
TAstel, o] W 174 RS B@SH: Fol thshAur Huo] P47 17

e EASHE o fHoR JXAAA 4] (3229 Te EUx AY ZAt

o o

j&]l‘

(inconsistent linear approximation)S =35} tH10].

FO |[oF |a|:m e
[Ar +;{6Q "laq, " } ]AQ”’“

(3.22)

IR B rile L ao oS

4714 AQ, = AlRtel mE Wt R v go] AHojH
AQ,=Q}"-Q} (3.23)

Al (3.22)= AE ZuQle] A8ste] 2 AARE 2 3|4 PH(large sparse
matrix)2 AT 2| Z220 13 Ak T FAAHCEN £ E9 0
o] ofd 94 9] Jloee 1 dof sigste Ads F+dst= 5
Y (band matrix)®] FEE UE= FBAAA Y] A-e-eh= Eel BB ARA 9

ol dE Wl 00] obd 947 o] ffx|of Eastct. whebA HIFHARAE
SiAst= A s dole] 2 34 FEe AT 4 qofof 5, & AFolM=
GEMS FEof] FdH st 42 7I¥ F point Gauss—Seidel W3 =4 line

Gauss—Seidel ¥H-& AAst3Ach
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3.3.1 Point Gauss—Seidel (PGS) 2

AL AR A AN A AHEE]= point Gauss—Seidel Wi B AZ A o tisto] A=
STUSH AHEE 4 Qloh. A BE dof diste] &atdoR sty g AX
ShH AA FHof gt A2 A AFoA 9 g d2 4 Ut

Point Gauss—Seidel ®Holl4 o] AL AR A Ao gt A+E Sfnlst=
7} Y H(diagonal matrix) D, oF712] Aito] haEx] 2 A4 AS4E o]
= Ak AF AZF B (strictly upper matrix) U, 22|31 o]n] Akto] ghmxl A
o] A5 ou|st= s Azt P (strictly lower matrix) L 2 Eallste] A (3.24)

LERd 4= Qlet o714 R-2 A9 S ofn|shH, o]get Hfor Ay
2] (3.25)9] W= sfiriof ofsf s Hct.

(D+L+U)AQ, =R (3.24)

(D+L)AQ;" =R-UAQ; (3.25)

3.3.2 H|AYAAA HEE Yt A Line Gauss—Seidel (LGS) €

Line Gauss=Seidel> A3 A|ARE & o AXS] A4 FXE 7[Fo= Aoy
£ d#9] lined] tiste] HAZ 7oz sf4st= ®Holt Point Gauss—Seidel 5
He AL dES D-L-Uz2 EFste o
W= ARgo=A ARl A4S we w
& TAste Azl diste] D 5t ofy2t Lojut U F lined] 84= 239t Al
Al ol diste] dA] AR & AREte =N Eo] HiHo] QlojA Autdoz U

Al AAe W Aldrt 71E9 BEAAAE AAFY] indexol] tigt ko =9
A2 840 7t FAstH 234 B A, 3ake] A sHA T oAt

=
2
0,
2,
Y,



T AZFEE 7HAAL QOB R lineg FAd5H] flote] EA HgFo| tistod
< index @<= 7= AAE AEHcts YHoE A 4T 4 A3t &®
AZA A line Gauss—Seidel -2 point Gauss—Seidel ol H]5)] =2 ¢H4

WA A7 54 B autdelnz Qutdos Mawm et
&

olt
oX o
to ¥ my

N
L
X
2,

L BEARAG 2ol indexE o8 line T4 FHE A
_]

| Faced to the Wall | | Current cell | | Faced to the Marked cell |

¥ Previously Marked cell  £x Currently Marked cell =» Sweep direction
Fig. 6 sweep route in unstructured grid
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)AQ,
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X
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+
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X
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4. ARET 9 HE

Navier—Stokes B 4] 34 FEof
+ AlxA3} 7
Fstaict. webA] ojHe A&
A mpet 5ol BtAor UEhs
(flat plate laminar boundary layer flow) ®A& S5t 9

st

A% 4%

3} Navier—Stokes A 419] 54

—slip condition)& A&
ARoE 0.25ft Zolo] v
SHEE st}lom, f&o] 1ftd]
Ao A el gk Blasius
= Table. 1] YetgloH,

3 A8

O -

d 7B

(e]

SfAlell AH-g-E At
of Uetiade. oz FFol W2 Y& T4 Fig. 8¢
o)A AT} Fig. 97} Fig. 10, 12| Fig. 110] Ve SiTh.

rE

i
Bu)
=
32
lo
=

flux evaluation

HLL scheme[34]

equations to solve

2D N-S equation

discretization

2nd order upwind

number of cells

10,000

linear solver

point Gauss—Seidel

grid type

2D quadrilateral

gradient evaluation

least—square

fluid property

air (perfect gas)

Table. 1 conditions of the computation of flat plate laminar boundary layer flow
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y (ft)

I
-0.25 0 0.25 0.5 0.75 1

X (ft)
x (ft) ) . .
0.85 0.9 0.95 "1. flat plate with no-slip condition
0.2 - = 0.2
] . |
] > |
4 » -
> L
>
0.15 A > - 0.15
] : |
] < |
>
] > |
> |
= H > =
= 01 : : > F01<
> i : : f L >
0.05 ' : - 0.05
laminar boundary layer |
: streamwise velocity profile
at x=1.0ft B
0 % o€ AL I L L L L L B LB 0

0 0.1 0.2 » 0.3 0.4 0.5

X

Fig. 7 geometry, grid, and boundary type of flat plate laminar boundary layer flow

-2
4 :_
S B non-preconditioned
S 6
=} |
-8 :_
-10 - preconditioned
12 L I T I I
0 3000 6000 9000 12000 15000

number of iterations
Fig. 8 convergence comparison between preconditioned and non—
preconditioned solution for flat plate laminar boundary layer flow
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y (ft) y (ft)

y (ft)

o©
[EEN
| IR R

, O
11
1

o
[\

0.1
0 . — -
-0.25 0 0.25 0.5 0.75 1
x (ft)
Fig. 9 mach contour of flat plate laminar boundary layer flow
0.2 1
0.1 4 V,=0.3954m/s
0 . =
-0.25 0 0.25 0. 0.75 1

x (ft)
Fig. 10 x—velocity contour of flat plate laminar boundary layer flow

o
(N

X (ft)

o] A%t AT+ Blasius WAA0] Aol vlast7] lste] Blasius ¥4

HElsto] Al (4.3)9] Blasius HAAlS ¥ 4 Ut

|
~

S o
= 1T

(4.1)



n=v 2= f(n)=—Y 4.2)

VX VX,

ff"+2f"=0

atn=0,f=f=0
, (4.3)

atnp=o0,f'=1

Bpe] AAHORRE 1ft AWIAY Eold] BE §F FF SE Iz

ey
aQ
o
i)
My
=
s
N,
X
Hir
o
rlr
oz
>
rE
i
ro,
3
f
<
o,
=
32
|o
o
ab
K
g
Mo
N
Jo
Jdo
ot

9
AL Blasius off 2 sS4 s BF o p=80lE= =874 Ff dist] £

Jng B@stglon, vad T xS AL FAskd.

8
: | Blasius
computation
6
S 4+
-
0 o b b b b b b b by by
0 01 02 03 04 05 06 07 08 09 1 1.1

Vx/Uinf
Fig. 12 comparison of x—velocity with respect to eta variable
between Blasius solution and computation results

-28-



4.2 Suddhoo—Hall 484 oojZd §F 4

Suddhoo—Hall 484 of|o]JZZ2 A (4 elements airfoil)2 22+ F7HAL | v 2= 47]
o] ¥ Karman-Trefftz 92 5 Tl Fig. 131 o] oojxd o] Jeiz2 T3
H3}conformal transform)$t JAro| ™, Suddhoo and Hall[38

rlo
9'15
rE

]
ol
¥
filo

A
1-8ste] 8744 2 Aat AREE Blasigion, daFoz LGS 712 PGS 7

Hiel sAo] Fom, Azpe] gaoz Qlef 13] ALte] agh At Ak o ©
] 7IH 9] erg/dol Hojua=z AdAQl EAloA= CFL g2 =°l
S =) Wk dfjAo] 7S shelstyleth. siAlel ARE 24 9 54 7|9

Table. 2o YEFH o™, ofoj2 L] |42 Fig. 14°] LERH AT,

b
o
)
&
N

Z-plane == (-plane n

N S T N’ &y

\\_ > = \r\_//
cH C nc nc

Fig. 13 conformal transformed airfoil by Karman—Trefftz function

flux evaluation | HLL scheme[34] | equations to solve | 2D Euler equation
discretization | 2nd order upwind number of cells | 115,636
linear solver | 1.LGS / 2.PGS grid type | 2D triangular
gradient evaluation | least—square fluid property | air (perfect gas)

Table. 2 conditions of the computation of Suddhoo and Hall 4 elements airfoil
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Fig. 14 geometry and grid of Suddhoo-Hall 4 elements airfoil

0
-3
r,
L
6
~ = maximum stable CFL comparison case
= o
o o I
o | same CFL comparison case
-9 r—
- PGS
B CFL=0.5
- 62,601s
*
- — FL=0.5
12 97,159s
B LGS
- CFL=0.85
- 53,230s
_15?1111111111111111111111111111111
0 10000 20000 30000 40000 50000 60000 70000

number of iterations

Fig. 15 convergence of Suddhoo—Hall 4 elements airfoil using PGS and LGS
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2D Euler equation
flux evaluation | HLL scheme equations to solve
2D N-S equation
discretization | 2nd order upwind number of cells | 23,552
linear solver | line Gauss—Seidel grid type | 2D quadrilateral
gradient evaluation | least—square fluid property | air (perfect gas)

Table. 3 conditions of the computation of RAE-2822 transonic airfoil
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Fig. 21 pressure contour of RAE-2822 airfoil by Slater[40]
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A |42 Fig. 280 HERH A

flux evaluation | HLL scheme gradient evaluation | least—square

discretization | 2nd order upwind | equations to solve | 2D Euler equation

linear solver | point Gauss—Seidel number of cells | 225,792
time advancement | 2nd order implicit grid type | 2D triangular
max. time step size | 1.0X 107 sec fluid property | air (perfect gas)

Table. 4 conditions of the computation of mach 3 wind tunnel with a step
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Appendix

Al B1FEAZA Holg £

|====== NODE DATA STRUCTURE ======
type node
real (kind=rfp)::xyz(ndim)
type(vector)::qv
end type node

l====== CELL DATA STRUCTURE ======
type cell
integer :: itype
type(vector) :: qv, dgv

type(vector), pointer :: qvn(:)
type(vector) :: res

real(kind=rfp), pointer :: gradient(:,:)
real (kind=rfp) :: vol

real(kind=rfp) :: centp(ndim)
integer,pointer :: c2n(:)

type(neighbor), pointer :: sface(:)
type(neighbor cell), pointer :: scell(:)
real(kind=rfp), pointer :: weight(:)

end type cell

l====== FACE DATA STRUCTURE ======

coordinate
the solution at each node

index of cell zone

g and dqg variables

previous qv variable
Residual of control volume
gradient for interpolation
volume of control volume
centeriod of control volume
point to nodes

surrounding faces
surrounding neighbour cells
Weights for viscous term

type face
integer::itype I itype=0 interior face , =1 inflow or outflow
! =2 inviscous , =3 viscous wall
! =5 inlet , =6 outlet

type(cell), pointer :: left cell

( !
type(cell), pointer :: right cell !
real (kind=rfp) 11 area !
type(matrix) 1 ajl, ajr !
real (kind=rfp) :: vecn(ndim) !
real (kind=rfp) :: centp(ndim) !
real (kind=rfp) i vl, vr
integer, pointer i f2n(:) !

end type face

pointer to left cell

pointer to right cell

area of the face

left and right Jacobian

unit inward normal vector to left cell
centroid of the face

volume of left and right cell

pointer to nodes
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!====== NEIGHBOR FACE DATA STRUCTURE ======

type neighbor
type(face), pointer
end type neighbor

11 to face !

!====== NEIGHBOR CELL DATA STRUCTURE ======

type neighbor cell
type(cell), pointer
end type neighbor cell

!====== CHAIN DATA STRUCTURE FOR LINE GAUSS-SEIDEL

type chain

type(chain), pointer ::

type(cell), pointer
type(face), pointer
end type chain

!====== RAW CHAIN DATA STRUCTURE FOR LINE GAUSS-SEIDEL

type raw_chain

type(chain), pointer ::

integer, pointer
integer, pointer
integer

end type raw_chain

1 to_cell !

bchain(:) !

11 current_cell !
:: current_face !

bchain(:)

1o oicell(:)

!
:: nchain(:) !
!
: npgs !

pointer

pointer

pointer
pointer
pointer

pointer
pointer

to

to

to
to
to

to
to

neighbor face

neighbor cell

chain bound
current cell
current face

chain bound
chain number

pointer to cell index
number of cells to use PGS
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BOUND: : BOUND: :
seivééro —» update_gradi u dgiéNéélls —»  boundary
START - ent P - _condition
\ \ 4 4 4
INPUT: : DISC: : FV:: BOUND: : DISC: :
read_data grad_recon viscous Olypdary cal_node_qv
- = _condition - -
Y 4 4 ’
DISC:: BOUND: : BOUND: :
reconstructi update sggsgge update saovut;rpbu;-n.a.r
on _gradient _interface - y
Y ’
DISC: : PRECON: : HOUE A OUTPUT: :
: E . implicit DISC::
weighted precondition bound 1 nod output_to
average cell -Jouncary cal_noge_qv plot
- - condition -
A Y
OUTPUT: : OUTPUT: :
DISC:: FV:: FV:: .
g output user_define
cal_node_qv residual lhs result output
y
MAIN: : ISt ] | LoneaR:: END
decide_cfl _gradient linear_solve

?

Fig. 37 unstructured solver for preconditioned Navier—Stokes code structure
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A3 438 =

A3l BE §

Input file for GEMS Code
Created by Yong-Hoon Lee

l}

]

!

! DESCRIPTION:

! Case:

! Mesh Type:

! Number of Cells:

! Viscosity:

! Preconditioning:

! Solver:

! Discretization:

! Gradient Construction:
]
]
|
]
]
|
|

Laminar Boundary Layer Flow

2D Structured

10000

Laminar

5:max vel and perturbation pressure
GMRES

2nd order Upwind

Weighted Least-Square

Riemann Solver: HLL
Time Accuracy: Steady
Fluid: Air
Boundary: Inflow (1), Outflow(1l), Inviscidwall(l), NoSlipWall(1l), Farfield(1)
Mach Number: 0.001
Temperature: 388.89K
Pressure: 41368.5Pa
&geom
gridfile = "LaminarBL.neu", ! Grid File
nd = 2, ! Number of Dimensions = 2D
lenref = 0.3048, ! Grid was created in (ft)
&end
&solution
irestart = 0, ! O:First Run / 1:Restart from the Previous Results
nsteps = 500000, ! Number of Iterations
ivis =1, ! Viscosity 0:inviscid / 1:laminar / 2:turbulence
init =0, ! Indicate how to set initinal condition (0 1 2 3)
ipre =5, ! 0:no precondition
! 1:max vel and viscous vel / 2:max vel and local pressure / 3:max vel
! 4:only cell vel / 5:max vel and perturbation pressure / 6:cutoff with vnn
imeth = 3, ! Algorithm 0:Explicit / 1:PGS / 2:LU / 3:GMRES / 4:CGNS / 5:LGS
isub =2, ! Number of subiterations for Linear solver
ialg = -1, ! 0:first order scheme / 1:second order
irec =1, ! 1:least square reconstruction 2:dl's reconstruction
ischeme =1, ! ischeme = 0:ROE 1:HLL 2:HLLC 3:GODUNOV's
! -1:ROE with Algebaric Average
! * HLL: Harten-Lax-van Leer
! * HLLC: Harten-Lax-van Leer for Contact Wave
iscr =3, ! Print Residual on the Screen
ifile =1, ! Write Residual on the File 0:no / 1l:yes
iplot =1, ! Write Plot File 0:no / 1l:tecplot / 2:fieldview
cflmin = 0.05,
cflmax =1.0, ! CFL:cflmin + (cflmax-cflmin)*it/100; it<100 :cflmax otherwise
! if cflmin > cflmax cfl = cflmax
vnn = 10.0, ! Von Neumann number
errm = -15.0, ! Stopping criteria log(sqrt(sum(dQ*dQ)/sum(Q*Q))) < errm
pbase = 41368.5 ! reference pressure
irea =0, ! Number of Reactions
isource = 0, ! Number of Sources
iperiodic = 0 ! Specify using Periodic Boundary (2d case set iperiodic=3)
&end
&unsteady
idt =0, ! O:steady / 1:first order of time derivative / 2:second order
nt = 10, ! The iterations taken in each real time step of dual step
imonit = 10, ! 0:no monitoring / 1l:output results every each real time to dfd_mon_x.plt
dt = 1.0e-4 ! the real time step in second
&end
&gas_prop
mwi = 28.9, ! Molecular weight of each species
cpi = 1006.10, ! Specific heat at constant pressure
hrefi = 0.0, ! reference enhalpy h=href+Cp(T-Tref)
htref = 0.0, ! reference temperature
zmu = -1.681e-5, ! Viscosity <@ means constant viscosity
1

otherwise calculate from Suthlander's formula
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tref = 273.15, ! Temperature at sealevel K
sref = 110.5, ! Sutherland's constant K / mu = 1.7894e-5(T/T0)"3/2(T0+S)/(T+S)
pr =0.71, ! Prandtl number
&end
&turb
lamda = 10.0,
cmu = 1.0e-1,
ksplus =0.1,
&end
&number_of_boundary
n_in =1, ! number of inlet boundary patches
n_out =1, ! number of outlet boundary patches
n_far =1, ! number of farfield (i.e. inlet/outlet) boundary patches
n_wall = 2, ! number of wall boundary patches
n_geom =0, ! number of geom_type conditions
n_vol =0, ! number of volume conditions
&end
&inlet
label =1,
itype =0,
p = 41368.5,
t = 388.89,
mach = 0.001,
alpha =0.0,
&end
&outlet
Label = 2,
itype =0,
pback = 41368.5,
&end
&farfield
label =5,
itype =0,
p = 41368.5,
t = 388.89,
mach = 0.001,
alpha = 0.0,
&end
&wall
label = 3,
itype =0, ! 0 invicid or slip wall
&end
&wall
Label =4,
itype =1, ! 1 no-slip wall
&end
&initial_condition
islast =11
p = 41368.5,
t = 388.89,
u = 0.0,
mach = 0.0,
alpha = 0.0,
&end

&output_vars

Perturbation Pressure=1,

Mach_Number=1,

Density=1,
Enthalpy=1,
Entropy=1,
NWPlot=2,
&end
&woutput_vars
Label=2,

Temperature=1,

Vx=1,

Vy=1,
&end
&woutput_vars

Label=4,

Temperature=1,

Density=1,
Taw=1,
&end
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A.3.2 Suddhoo—Hall 4824 ofojx Y

45 94

Input file for GEMS Code
Created by Yong-Hoon Lee

|

|

!

! DESCRIPTION:

! Case:

! Mesh Type:

! Number of Cells:

! Viscosity:

! Preconditioning:

! Solver:

! Discretization:

! Gradient Construction:
! Riemann Solver:

]
]
|
|
]

Time Accuracy:
Fluid:
Boundary:
Mach Number:
Temperature:
&geom
gridfile =
ndi= 2,
lenref = 1.0,
&end
&solution
irestart = 0,
nsteps = 100000,
ivis =0,
init =0,
ipre =5,
imeth =5,
isub =2,
ialg = -1,
irec =1,
ischeme =1,
iscr =3,
ifile =1,
iplot =1,
cflmin = 0.01,
cflmax = 0.85,
vnn = 10.0,
errm = -15.0,
pbase = 101325.0
irea =0,
isource = 0,
iperiodic = 0
&end
&unsteady
idt =0,
nt = 10,
imonit =1,
dt = 1.0e-3
&end
&gas_prop
mwi = 28.9,
cpi = 1006.10,
hrefi = 0.0,
htref = 0.0,
zmu = -1.681e-5,
tref = 273.15,
sref = 110.5,
pr =0.71,
&end
&turb

"suddhoohallairfoil.neu",

Mach 0.2 Four Element Airfoil by Suddhoo and Hall
2D Triangular

115,636

Inviscid

Yes (5: Maximum Velocity and Perturbation Pressure)
Line Gauss-Seidel

2nd order Upwind

Weighted Least-Square

HLL

Steady

Air

Farfield(1), Wall(4)

0.2

273.15

! Grid File
! Number of Dimensions = 2D
! Grid was created in (m)

0:First Run / 1l:Restart from the Previous Results

Number of Iterations

Viscosity @:inviscid / 1:laminar / 2:turbulence

Indicate how to set initinal condition (6 1 2 3)

0:no precondition

1:max vel and viscous vel / 2:max vel and local pressure / 3:max vel
4:only cell vel / 5:max vel and perturbation pressure / 6:cutoff with vnn
Algorithm 0:Explicit / 1:PGS / 2:LU / 3:GMRES / 4:CGNS / 5:LGS
Number of subiterations for Linear solver

0:first order scheme / 1l:second order

1:least square reconstruction 2:dl's reconstruction

ischeme = 0:ROE 1:HLL 2:HLLC 3:GODUNOV's
-1:ROE with Algebaric Average
* HLL: Harten-Lax-van Leer

* HLLC: Harten-Lax-van Leer for Contact Wave
Print Residual on the Screen

Write Residual on the File @:no / 1l:yes

Write Plot File 0:no / 1l:tecplot / 2:fieldview

CFL:cflmin + (cflmax-cflmin)*it/100; it<100 :cflmax otherwise
if cflmin > cflmax cfl = cflmax

Von Neumann number

Stopping criteria log(sqrt(sum(dQ*dQ)/sum(Q*Q))) < errm
reference pressure

Number of Reactions

Number of Sources

Specify using Periodic Boundary (2d case set iperiodic=3)

O:steady / 1l:first order of time derivative / 2:second order

The iterations taken in each real time step of dual step

0:no monitoring / l:output results every each real time to dfd_mon_x.plt
the real time step in second

Molecular weight of each species
Specific heat at constant pressure
reference enhalpy h=href+Cp(T-Tref)
reference temperature
Viscosity <@ means constant viscosity
otherwise calculate from Suthlander's formula
Temperature at sealevel K
Sutherland's constant K
mu = 1.7894e-5(T/T0)"~3/2(T0+S)/(T+S)
Prandtl number
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lamda = 10.0,
cmu = 1.0e-1,
ksplus = 0.1,
&end
&number_of_boundary
n_in =0, ! number of inlet boundary patches
n_out =0, ! number of outlet boundary patches
n_far =1, ! number of farfield (i.e. inlet/outlet) boundary patches
n_wall = 4, ! number of wall boundary patches
n_geom =0, ! number of geom type conditions
n_vol =0, ! number of volume conditions
&end
&farfield
label =1,
itype =0,
p = 101325.0,
t = 273.15,
mach =0.2,
&end
&wall
label =2,
itype =0 ! 0 invicid or slip wall
&end
&wall
label = 3
itype =0 ! @ invicid or slip wall
&end
&wall
label =4,
itype =0 ! @ invicid or slip wall
&end
&wall
label =5,
itype =0 ! 0 invicid or slip wall
&end
&initial_condition
islast =1,
p = 101325.0,
t = 273.15,
mach =0.2,
alpha = 0.0,
&end

&output_vars
Perturbation Pressure=1,
Mach Number=1,
Density=1,
Enthalpy=1,
Entropy=1,
NwPlot=4,

&end

&woutput_vars
Label=2,
Pressure=1,
Temperature=1,
YPlus=1,

&end

&woutput_vars
Label=3,
Pressure=1,
Temperature=1,
YPlus=1,

&end

&woutput_vars
Label=4,
Pressure=1,
Temperature=1,
YPlus=1,

&end

&woutput_vars
Label=5,
Pressure=1,
Temperature=1,
YPlus=1,

&end
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A.3.3 RAE-2822 &% dojxd §% 54

Input file for GEMS Code
Created by Yong-Hoon Lee

DESCRIPTION:
Case:
Mesh Type:

Viscosity:

Solver:

Fluid:
Boundary:
Mach Number:
Temperature:

&geom
gridfile =
ndi= 2,
lenref

&end

&solution
irestart
nsteps
ivis
init
ipre

imeth
isub
ialg
irec
ischeme

iscr
ifile
iplot

cflmin
cflmax

vnn
errm
pbase
irea
isource

iperiodic =

&end
&unsteady
idt
nt
imonit
dt
&end
&gas_prop
mwi
cpi
hrefi
htref
zmu

tref
sref

pr
&end
&turb

Number of Cells:
Preconditioning:

Discretization:
Gradient Construction:
Riemann Solver:
Time Accuracy:

RAE2822 Transonic Airfoil Case
2D Structured

23552
Inviscid
None

Line Gauss-Seidel
2nd order Upwind
Weighted Least-Square

HLL
Steady
Air

Farfield(1), wWall(1)

0.725
255.6

"RAE2822.neu",

1.0,

0.01,
2.0,
10.0,

-15.0,
101325.0

10,
10,
1.0e-4

28.9,
1006.10,
0.0,

0.0,
-1.681le-5,

273.15,
110.5,

0.71,

Grid File (Uniform Quad Mesh)
Number of Dimensions = 2D
Grid was created in (m)

0:First Run / 1l:Restart from the Previous Results
Number of Iterations
Viscosity @:inviscid / 1:laminar / 2:turbulence
Indicate how to set initinal condition (0 1 2 3)
0:no precondition
1:max vel and viscous vel / 2:max vel and local pressure / 3:max vel
4:only cell vel / 5:max vel and perturbation pressure / 6:cutoff with vnn
Algorithm 0:Explicit / 1:PGS / 2:LU / 3:GMRES / 4:CGNS / 5:LGS
Number of subiterations for Linear solver
0:first order scheme / 1l:second order
l:least square reconstruction 2:dl's reconstruction
ischeme = 0:ROE 1:HLL 2:HLLC 3:GODUNOV's
-1:ROE with Algebaric Average
* HLL: Harten-Lax-van Leer
* HLLC: Harten-Lax-van Leer for Contact Wave
Print Residual on the Screen
Write Residual on the File 0:no / 1l:yes
Write Plot File 0:no / 1l:tecplot / 2:fieldview

CFL:cflmin + (cflmax-cflmin)*it/100; it<100 :cflmax otherwise
if cflmin > cflmax cfl = cflmax

Von Neumann number

Stopping criteria log(sqrt(sum(dQ*dQ)/sum(Q*Q))) < errm
reference pressure

Number of Reactions

Number of Sources

Specify using Periodic Boundary (2d case set iperiodic=3)

O:steady / 1l:first order of time derivative / 2:second order

The iterations taken in each real time step of dual step

0:no monitoring / l:output results every each real time to dfd_mon_x.plt
the real time step in second

Molecular weight of each species
Specific heat at constant pressure
reference enhalpy h=href+Cp(T-Tref)
reference temperature
Viscosity <@ means constant viscosity
otherwise calculate from Suthlander's formula
Temperature at sealevel K
Sutherland's constant K
mu = 1.7894e-5(T/T0)"~3/2(T0+S)/(T+S)
Prandtl number
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lamda = 10.0,
cmu = 1.0e-1,
ksplus = 0.1,
&end
&number_of_boundary
n_in =0, ! number of inlet boundary patches
n_out =0, ! number of outlet boundary patches
n_far =1, ! number of farfield (i.e. inlet/outlet) boundary patches
nwall =1, ! number of wall boundary patches
n_geom =0, ! number of geom type conditions
n_vol =0, ! number of volume conditions
&end
&farfield
label =1,
itype =0,
p = 101325.0,
t = 255.6,
mach = 0.725,
alpha =2.31,
&end
&wall
label =
itype =0, ! 0 invicid or slip wall
&end
&initial_condition
islast =15
p = 101325.0,
t = 273.15,
mach = 0.725,
alpha =31,
&end

&output_vars
Perturbation Pressure=1,
Mach_Number=1,
Density=1,
Enthalpy=1,
Entropy=1,
NWPlot=1,

&end

&woutput_vars
Label=2,
Pressure=1,
Temperature=1,
YPlus=1,

&end
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A34 BAE JHAE T5 A0 &4

Input file for GEMS Code
Created by Yong-Hoon Lee

Gradient Construction:

DESCRIPTION:
Case: 2D Mach 3 Wind Tunnel with a Step Case
Mesh Type: 2D Triangular
Number of Cells: 225792
Viscosity: Inviscid
Preconditioning: None
Solver: Point Gauss-Seidel
Discretization: 2nd order Upwind

Weighted Least-Square

Riemann Solver: HLL
Time Accuracy: Unsteady
Fluid: Air
Boundary: Inlet(1), Outlet(1l), Wall(l)
Mach Number: 3.0
Temperature: 23/BIL'S
&geom
gridfile = "STEPM3_2M.neu", ! Grid File
ndi= 2, ! Number of Dimensions = 2D
lenref = 1.0, ! Grid was created in (m)
&end
&solution
irestart = 0, ! 0:First Run / 1:Restart from the Previous Results
nsteps = 100000, ! Number of Iterations
ivis =0, ! Viscosity 0:inviscid / 1:laminar / 2:turbulence
init =0, ! Indicate how to set initinal condition (0 1 2 3)
ipre =0, ! 0:no precondition
! 1:max vel and viscous vel / 2:max vel and local pressure / 3:max vel
! 4:only cell vel / 5:max vel and perturbation pressure / 6:cutoff with vnn
imeth =1, ! Algorithm 0:Explicit / 1:PGS / 2:LU / 3:GMRES / 4:CGNS / 5:LGS
isub =2, ! Number of subiterations for Linear solver
ialg = -1, ! 0:first order scheme / 1l:second order
irec =1, ! 1l:least square reconstruction 2:dl's reconstruction
ischeme =1, ! ischeme = 0:ROE 1:HLL 2:HLLC 3:GODUNOV's
! -1:ROE with Algebaric Average
! * HLL: Harten-Lax-van Leer
! * HLLC: Harten-Lax-van Leer for Contact Wave
iscr =3, ! Print Residual on the Screen
ifile =1, ! Write Residual on the File 0:no / 1l:yes
iplot =1, ! Write Plot File 0:no / 1l:tecplot / 2:fieldview
cflmin = 0.1,
cflmax = 0.5, ! CFL:cflmin + (cflmax-cflmin)*it/100; it<100 :cflmax otherwise
! if cflmin > cflmax cfl = cflmax
vnn = 10.0, ! Von Neumann number
errm = -15.0, ! Stopping criteria log(sqrt(sum(dQ*dQ)/sum(Q*Q))) < errm
pbase = 101325.0 ! reference pressure
irea =0, ! Number of Reactions
isource = 0, ! Number of Sources
iperiodic = 0 ! Specify using Periodic Boundary (2d case set iperiodic=3)
&end
&unsteady
idt =2, ! O:steady / 1:first order of time derivative / 2:second order
nt = 10, ! The iterations taken in each real time step of dual step
imonit =1, ! 0:no monitoring / l:output results every each real time to dfd_mon_x.plt
dt = 1.0e-5 ! the real time step in second
&end
&gas_prop
mwi = 28.9, ! Molecular weight of each species
cpi = 1006.10, ! Specific heat at constant pressure
hrefi = 0.0, ! reference enhalpy h=href+Cp(T-Tref)
htref = 0.0, ! reference temperature
zmu = -1.68le-5, ! Viscosity <@ means constant viscosity
! otherwise calculate from Suthlander's formula
tref = 273.15, ! Temperature at sealevel K
sref = 110.5, ! Sutherland's constant K
! mu = 1.7894e-5(T/T0)"3/2(T0+S)/(T+S)
pr =0.71, ! Prandtl number
&end
&turb
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lamda = 10.0,
cmu = 1.0e-1,
ksplus = 0.1,

&end

&number_of_boundary
n_in =1,
n_out =1,
n_far =0,
nwall =1,
n_geom = 2,
n_vol =0,

&end

&inlet
label =1,
itype =0,
p = 101325.0,
t = 273.15,
mach = 3.0,

&end

&outlet
label =2,
itype =0,
pback = 101325.0,

&end

&wall
label =5,
itype =0,

&end

&geom_type
label = 3,
itype =0,

&end

&geom_type
label =4,
itype =0,

&end

&initial_condition
islast =1,
p = 101325.0,
t = 273.15,
mach = 3.0,
alpha =0.0,

&end

Soutput_vars

&end

Perturbation Pressure=1,
Mach_Number=1,
Density=1,

Enthalpy=1,

Entropy=1,

number
number
number
number
number
number

of
of
of
of
of
of

inlet boundary patches

outlet boundary patches

farfield (i.e. inlet/outlet) boundary patches
wall boundary patches

geom_type conditions

volume conditions

Label of the Boundary
Inlet Type O:p,t,mach / 1l:p,t,u

0 invicid or slip wall

= 0 symmetry 1 Axisymmetry 2 periodic

= 0 symmetry 1 Axisymmetry 2 periodic
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Abstract

The analysis of a preconditioned Navier—Stokes solver with an unstructured grid
system has been performed to comprehend the numerical algorithm and techniques;
the code has been evaluated by solving several test problems. To overcome the slow
convergence problem in time marching scheme for the low mach number regime, a
preconditioning method has been applied which changes governing equations by
replacing time derivative term with artificial variables. Also, a dual time stepping
method has been applied to solve unsteady problems. The unstructured grid system
has been employed with the finite volume method which has a high degree of
freedom in generating grid for complex geometry. The second—order upwind
scheme using least—square gradient construction has been applied for a low
numerical diffusion. Euler implicit method has been applied for the discretization of
time derivative term. The point Gauss—Seidel(PGS) and the line Gauss—Seidel(LGS)
have been used to solve linear system of equations. Finally, the convergence and the
validity of the solution have been verified by solving several test problems. A wide
range of flow problems from low mach number(M=0.001) laminar flow to
supersonic(M=3) shock reflection has been used to verify the convergence and the
accuracy of the solutions for both inviscid and viscous flow. Also the performance
of the PGS and the LGS solvers has been compared. Computational results indicate
that the LGS solver solves the problem faster because the maximum allowable CFL
number for the LGS solver is higher than the maximum allowable CFL number for

the PGS solver.
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