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Numerical Analysis for Steady Transonic Flows Past an Airfoil
Using AF2 Scheme

Nobuyuki SATOFUKA and Hidetoshi NISHIDA
Kyoto Institute of Technology

ABSTRACT

An approximate factorization scheme has been developed for analyzing transonic

flows past an airfoil. In this scheme, upwind differencing is used for introducing artificial
viscosity in the supersonic region and central differencing is used in the subsonic region.
The resulting simple two- and three-banded matrices are solved by the relaxation proce-

dure. This scheme is fully implicit, and in principle can be combined with the solution-

adaptive method. In both sub- and super-critical cases, the computed surface pressure
distributions for an NACAOO012 airfoil are in good agreement with those obtained by

other methods.

1. T 280 &

BERERIDLY ODFENEREET VY 2 VR
RCIOBIFTLLD T 2BOREXE LTI, &
EEEACHETHER (M< 1) LBEHER(M>
1) EMNBHETADIC, FERXOEDHIHE TIIHE
A& #ETHENEMBLEENTI2ADBEBET LN S,
COREEXABET H70HIC, Murmanl) I3 E &
EERTRAEORLESZRAVEH, BEEHAET
DENZBEENCL > THET 5 LICEHDAL
HI7SKHEASML, BRELSCEMNE SN LIEM
BAZER UL, THLEBE, R7 V¥« vlRN OB
IR LT, 2L OERMENEASONT VS, BE
T, Ballhaus5il & - TREINIEEFALUS
#)3: (Approximate Factorization Method)z) ) R6)
Brandt ® Jameson (Z& 2 ZERFH (Multi-Grid

*  FUER LMl ME R o TR

Method )" psm BB s N TV B,

—%, BOEORERENFORREES S L,
2— FOBRIT T ERKEKSEICIRELTED, 0
BHCONENDIERTES, 251, BEDT A Y
h OEEHERRHEBIEEELEZAES L, BME
WMETa— FABRET 22 LMaBkThrs EBbN
%,

ZIT, ARECRVTR, Z0B—BRELLT,
BEBERFEEHEEEI ENTE, ABRLND
ERALHBENEETHS EEDNAEET AT E
HO—EThsAF2ELXAVTEANLETEE
BEby ORNAEIFTT 5 &%2RH S,

2. EBRAERX

RS, BAAEBEoRUVERE ( ZALV
TRATTAL LI REAw, v, BE% 0, BERTV
VaNEPET B, 2RERELRT VY y VHERX
BRERT,

Thic dociiment i nrovided hv TAXA



194 FALZE 5 B B AT O R A 4 B

(0P )+ (00y),=0 (1)
LB EMTED, T, BE 04,
r—1 L
ﬂ:[l*m(%%-%(éyz)]ﬁ (2)
LA, TIT, THBEBRKTHY, KRF RV Y
BE L x YT AHESE2EDT,
(R KU 2)A %
E=¢6(xy), n=71(x,9) (3)
RABEEBABHOT, —BREBEICERT DL,
oU oV
(7)5+ (—‘J—”——O (4)
r—1 L
o=[ 1= (e Ve) T (5)

DRICEDbENE, 2T, URVVIIMEEE,
u, v ODRERD THORDRICEKDE D,
U= &b+ EyB,= A b+ A, 0, }w
V=7,8,+7,6,=A4,8:+ A4, %,
Fto, JRHEBROYIET Y, A, Ay, A, HEHE
DA MY » I ATHY,
J=Em,—Em=1/ (XY= 2, Ye)
A=E+E =T (2] +yr)
Ay =E e+ Eyny=— T2 (Zexy+ ¥: y,)
Ag=ni+ni=J%(xf+9¢)
LEDLT I ENTE S,

(7)

outer boundary

Physical plane

3. EBERE

— i, EEERGEEI OO DR AT 3
Bulid, IEETCOEKSEROERTOREL#
B toHil, MIBE T OMRER D EREHDO—D L
—HTALONAERNOEBRETTILD T EICLY
HERHEEICROTAREAED S FEMLTO NS,

MEEEAEREZEEMIZIHEE LT, %
AEGOEH, RENAE, REsHFEXEBNS
FEEhBHHH, & T, Thompson WAL T 7
7 2HER

et €,y=0

Naxt Nyy=0 (8)
ERAT R, EBCIE, BARHOREABTHIT
Brcdil, QROWMIEMEMHBERAANBZ I

Axge— 2 Bxg,+ Cxyp =0 } -

AYee— 2BYeyt+ CYppy=0
AROCTYEHBOERELFERT 5, T IT,

A=xi+y], B=xex,+ Yy,

C=xt+yf 0

Thb, $tc, HEABBICED B oDIC, (R
7 HBOEFEARIIEZE42 1 L LTWH3E,
HEmEGERD S OBERAR 1ICRT,

outer boundary ( n = Mmin ) g

i
|
|
1
/ / S S /
ajrfoil surface ( n

Computaional plane

K1 %fmEstEEE OBK

Thic dociiment i nrovided hv TAXA



FBoMMEBABLEGNFEY VAV LwWLE 195

4. M7 BOBRIL

(W% 2 ROBETHEEILT 5 &,

(- pV

(5, T (5,50 )

7ty
£1358, 22T, (44, )IRU(Z, ) +8K
RT3 0, A, Ay, ARG JT OEIGBEMFEETEHE

éh%oit,w%j&UWﬁyi
Ui, =410 (Binyj— i 5)
+— Az (¢,+1 1~ Bien, i1
+¢, %)
Vi ~——AZ‘ L L (Biat jar = Bimy, a1
5= B )+ Ay g (B —93)
12

CERHEEND, 251, G (IRTG,()IHERT
THEOBBRERELEZOLTEEF LT 5,

(R OBELIZEETEARTIIELLEOTHS
S, BEFEEBICROTUIALEEEZMG N 2 48
BH B, & TidHolst it

U |4
—Af(upéljl){—dv(vpnljl)” (3

EWVWHATHBEERARWVS,
B-T, WRHKROBICEEIBRALLIENTE S,

ARG W R A R CONR B
14
TIT, 4 RULIEEA
oi=0(1-v )01k it Vish jPise},

;jﬁ[ (1=v)p ],',,'+—12— + Vi,j{—%pi,;+1+—12- 19
L -1 (Ui, ;>0) k:—IUb%>m
1 (Uig,;<0)’ 1 (Vj:4<0)
EEDbEND, TRbL, 6, kUG GALKHE
mek LABETHO, TOATKBERIORD 0D

BAEBCREESTRHRET 2 LCLDEIND,

vIRATHBEICHT 2HHTHY

L max{(M,-zj*l)C,Ol(U;%,j>0>

%297 max [ (M, ;—1)C, 01(Ust, ;< 0)
(t6)

ES0

TEZ 6B, CCT, MARFY » ~¥, FGHC
HEE 1< C< 2 DEAR D,

5. & # &
(TS 50 o
L(%;)=0 an
EECE, ERIE—BRIC, ROBKLERERETHERL
TEMTE B,
NC,'?]' +oL( ¢,’?j )=0 18

ZCC, NIREBEARDL, ©I3ER/ Y7 4 —
4 BYXFwRUn+1EREVSvERT, 22,
G,

Cly=807" =8l a9
THZE6N0%, ‘

AFIETII, BEE L UEETFRUS EEO—
BThLAF2HEAML S, AF2HICRVTRRE
BIENIZ

aN=-[a~7,5,(%), ]
- o8, Fafl;—0¢p (Aqujf]

20
YEDENB, TIT, %), o, ( YR ERV 7
BT ARIEESDOERREFTH D,

BoT, HEFRRIROK 2B LIS,

% 1Bk

-»— A n
[“‘Bﬂﬁcjgkf%]ﬁﬁz“wL(@d> )

:1—7

%2 BRE)
< S e~ 4 Kt n n
[ o8, FaBb=0:0 (59,3, ;0 1 Cli= 11

@2

THbE, QRICRWT 2EXATIIEAH S, EIE
fEf% ARy, TOBEML, FAVTORADOIE
HAFHARL S LWL OROEEV SV ORER
3, CIHEMKERELABLUBRBERLILIGED
BERIRE T8 (42) OFRICHY T 2EED/¥T7 4 —
2THO,

a:ak=aHCg§ﬁEi (k=1,2,-,K)

@3

Thic dociiment i nrovided hv TAXA



196

CEA LN, T, DRDO Fafl OB, ¢

SHOREETHY, BEETEEEES (5),

RTECREEES (9:) THMET 3, T75bb,

FROBEEEFACESTHLICL D HEHE

A b157, PlIZORBRICHT2EAFETH
M, >1 (REE)

&)'
@{Mmgu<%T@>
M, ;<1 (EEE)
L{MMJ<1(ET@)
THEZzLNB, ARETIE, B/ Y7 4 -4 w=138,
K=8& LTEBEAT > T3,

6. MHPRUBERRM

p= 4

ORRE L LTR, TEELARIC—RIEEZ 5,
THbt, B~ " EEM.ETEE, YEE
Bu vRUOEERT VY 00l
V=Uesinl, $=u.x 9

T5A1BbNE, CCT, JRAABTHY, deoldi—

u=uwc050,

BHEET, —BE~ » " EMERBEr ZRAVT,
(r+1)MZ 1
26)
[2+(r 1)M2]
LEbah 3,

BREEE LU, BEERCRVLTE, fihss
BEARCHNAAT LV ET IEREHLHNS, ¢
shb, BEEOKRFES%E (1,7 mex) ETNUL,

Vt]maz (A2¢5+A3¢ )z;max_'o (27)
LB, iz,
¢f 'i,jmaz:% ( ¢i+l,jmax— ¢i—1,jmax ) 28)

1
¢v !i,fmdx:? ( 3 ¢i,jmax"‘ 4 ¢|',jmax—1 + ¢i,jmax—2>

@9
THEDH6, MRICKOBIIC G jmay EKDAHT &
MTEB, EBHICRGBEARBHLLTE, 3AD
HOEAE, FERTF VY VW RUEBZOBEIC
BEdT 25200, BAOHLHEL, BEROD
BRIZHVNT, EMHEDOWEBE (compressible
vortex solution) & OEBRT V¥ + VERET %o
188 (vortex sheet ) ICRWTIL, ZDEFIER
IEBRA P EETH D E0 I FUROCERERT ¥

L 28 F B B IR BT FC R 4 B B R

v » VOREUH, BEEROBOICE LV LV I ZH

XDk 5,
7. st E MR

BEHEO—Hl & LTNACAWIZBAR EIF3,
AR TEALILBTFREH 21089, stEBALE,

L THALTS

7

] A0 S 0 O B
it

B2 NACAO0012 EHO DEFHES
10?
n 1
R= | R oo/l R |max
M, =0.72
10° 43 uL=0.6 ,0H= 20.0
BL =0.3, BH = 5.0
e~ : -3
@ CYCLE = 169 ( R < 107 )
e
(an)
10
LLJ.
a
[on)]
wJ
™~
o -2
e 10-2
=
o ot
©
=z
10-31
10'" T —T T
g SO 100 150 200
ITERRTION CYCLE
X3 EERE

Thic dociiment i nrovided hv TAXA



B oW EESINFEYy v RUy LigXE

EHERPSEFHAOCBRFICEKXED 1065, BE
FROTFTHIC6#EE Uic. 370, BEC KT,
& A AN 30 B F A - T 5,
PHRoHEE LTI, KL~ nilRiT558E
AR"ETHE, BAEE IR pa®HWT,

R= |R" | o/ IR | max 80
LWHEBTEZON A ERILEINICERREZERDY,
10 XD /NS BBNTROVEVDIFHEZHL,
M3—FR~ » " HM.=0.72, BAEODE
SORFEBENAERT, AF2HED/Y7 A =213,
a,=0.6, @y=20.0, £,=0.3, By=50TdHb,
B OB AR X 72h55 169 94 Z VTR LT
WA, KIS, AEOERHEO T TORMEEOENFH
O AR 4 (IR T, KBEDIDIZ, FBHET
HE AR 2K 4 bR T, B, GIEFE
—DFER LI >TVBIEDNYBE, TO—RIEK~ »
N (Moo= 0. 72) TRHERIIREEST, MRLL

-1.0
0 -0.8 1
2

-0.6
}._
=
L -0.4 7
2-02~
L
T
s 0.0
)
O 0.2
L
oC 0.4 A
o ‘M, = 0.72
g 0.6 1 aL = 0.6 ) (’-H = 20.0
L B, = 0.3, 8, = 5.0

L H
a 0.8 1 -3
o CYCLE = 169 (R < 107 )
| _ |
1.0 T T T T
-0.2 0.0 0.2 0.u 0.6 0.8 1.0 1.
SURFACE LENGTH X/C)

(a)
X 4

2

RONEHREIL 2TV D, K4 (b)h D TSP XK
INEEE T vy W HERXAEBAERE LTV
foshD R BEESRILS,

WIS, —KiR~ » " B M.=0.80, BAB 0EOH
AORE FOENFRB DO HEARK 5 (ailRdT, AF2
B s p— 4 3EIEEE—-THD, M3 LEKD
PNHBRAET265% 4 J W TPR LI, B 5bIC
{ifﬁ]ﬁ@%#@?f‘@Jamesonl,O)Holstu,) Chattot
& Coulombeixlz), Veuillot & Viviandls) kT
Schmidtg)@%%%/:ﬁ LT3, Jamesonld BB &
BEELTERTHELAMEEIHET, Holst &Y
Chattot & Coulombeix (2 TEE FH U5 2k T,
Veuiliot & Viviand (3 #ELIRRIKAH: T, Schmidt
T NBEART VY s VHIRRABRMETE 4 FE
Lz bDThHb, MREL—HKLTHY, BER
DH1/2 D ETATEADGBAEFRE LD EER
DBEELTWEI Ebhd, £/, REFKOFE

v
1.0 1

1

!

-
Tsp

T
~-a.§ T

| , \$§\x X/C
0.0 o T s + t ﬁ\}‘ "
0.§
1.0

T MACA 0012 M=0.72 Q=0°

it :

(b)

EABRED5S (Me=0.72)

Thic dociiment i nrovided hv TAXA

197



198

(CP)

.6 1

~

0.4 A

M, =038
0.6 ~ ' -

o = 0.6 , oy 20.0
0.5 A BL =0.3, BH = 5.0

PRESSURE COEFFICIENT

CYCLE = 265 ( R < 1072 )

'T"_"""T_J_T_"_ “1

-g.20.0 0.2 0.4 0.6 0.8 1.0

SURFACE LENGTH (X/C)

(a)

1.

22 T BUR B R4S B E R

-t

x/C
L.0

FCPOT

JARESOH

HOLS |

1+ CHATTOT-COULONBE [ X
VEUTLLOT-VIVINID
SCHHIDT

1.0 + l

2 1 NACA 0012 M=0,80 Q:=0°

(b)

5 HEHFRBON (Mo=0.80)

REEBRETIBOBRETHAX/C=0.55(4
DENFRHOELAS SFERINS,

oI, WMBAE, BEREEIFIBRRUERMNE
TRI -TWAI L HAHIOKERBTHERINT,

8 » <& B &

PIERNTE i, HEFIUSEHIIEED
DOBEERN AT TABICENNLHETHO,
BB FEEHAEAIEICED, LDV
FEBTHEBEORVEREZBL I LMNTX 3 LR
T& b, 612, 4—cVEMOKILEORTHN
OMBICHLTHBBCIATE A LAEAEGY
5&, AHBEOEYBHIIBOTILREICES L THE
Xhb,

tot:, CORERRLICRATHI10HIC, BE
BHEEMERCERSNTWARI b - T ot

s HONRBET A ENTFRINS L T
ok, IS T BHESBOHEICHENTESC LS
CEEBETEHY, £IT, 4B FOoFEICKH
W ARESHARFIND,

s £ X B

1) Murman, EM. and Cole, J.D., Calculation
of Plane Steady Transonic Flowa, ATAAJ.,
9,114, 1971.

Ballhaus, W.F., Jameson, A., and Albert,
1,
Schemes for Steady Transonic Flow Prob-
lems, AIAA J., 16,573, 1978.

Brandt, A., Multi-Level Adaptive Computa-
tions in Fluid Dynamics, Proc. AIAA 4th
CFD Conf., 100, 1979.

2)

Implicit Approximate-Factorization

3)

Thic dociiment i nrovided hv TAXA



4)

5)

6)

7

8)

F oM ZEBIBEEGHEY VR LimXE 199

Jameson, A., Acceleration of Transonic
Flow Calculations on Arbitrary Meshes by
the Multiple Grid Method, Proc. AIAA 4th
CFD Conf., 122, 1979.

Thompson, J.F., Thames, E.C., and Mastin,
C.W., Automatic Numerical Generation of
Body-Fitted Curvilinear Coordinate Sys-
tems for Fields Containing Any Number of
Arbitrary Two-Dimensional Bodies, J.
Comp. Phys., 15,299, 1974.

Holst, T.L., An Implicit Algorithm for the
Conservative, Transonic Full-Potential E-
quation with Effective Rotated Differenc-
ing, NASA TM-78570, 1978.

Holst, T.L., Implicit Algorithmn for the
Conservative Transonic Full-Potential E-
quation using an Arbitrary Mesh, AIAA
J., 17,1038, 1978,

Holst, T.L. and Brown, D., Transonic Air-
foil Calculations using Solution-Adaptive
Grids, Proc. AIAA S5th CFD Conf., 136,
1981.

9)

10)

11)

12)

13)

Rizzi, A. and Viviand, H., Collective Com-
parison of the Solutions to the Workshop
Problems, Notes on Numerical Fluid
Mechnocs Vol. 3, 167, 1931,

Jameson, A., Caughey, D., Jon, W., Stein-
hoff, J., and Pelz, R., Accelerated Finite-
Volume Calculation of Transonic Poten-
tial Flows, Notes on Numerical Fluid
Mechanics, Vol. 3, 11, 1981.

Holst, T.L., Solution of the Transonic Full
Potential Equation in Conservative Form
using an Implicit Algorithm, Notes on
Numerical Fluid Mechanics, Vol. 3, 28,
1981.

Chattot, J.5. and Coulombeix, C., Relaxa-
tion Method for the Full-Potential Equa-
tion, Notes on Numerical Fluid Mechanics,
Vol. 3,37, 1981.

Veuillot, JP. and Viviand, H., Computa-
tion of Steady Inviscid Transonic Flows
using Pseudo-Unsteady Methods, Notes on
Numerical Fluid Mechanics, Vol. 3, 45,
1981.

Thic dociiment i nrovided hv TAXA



Thic dociiment i nrovided hv TAXA





