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FINITE ELEMENT FLUX-CORRECTED TRANSPORT(FEM-FCT)
SOLUTION OF TWO-DIMENSIONAL EULER EQUATIONS
ON AN ADAPTIVE TRIANGULAR MESH
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Abstract The solution of compressible flow on unstructured triangular grids in two dimensions
is considered. FEM—FCT for the Euler equations are combined with an adaptive mesh regenera-
tion procedure and employed in solution of three examples. Comparisons with experiment data
or other computational result show good agreement for the subsonic and supersonic flow around
NACAO0012 airfoil. However, the location of shock—wave has some difference for the transonic
flow.

Key words compressible flow, inviscid flow, Euler equations of motion, finite element method

FABEERT R, MEEZHHE B ey, ERkHE AR
., W — R EEM A TR, Lohner & Taylor—Galerkin A FBcin A Tk
PSRl AR T, HESRBEENEARBAKEHENEE V. BX, WiEy
BT, BESFEPHFCT RAGIABITRHRIHRNARTCHEBLIERR
FEM-FCT %,

EXTRBHEN FEBMALZN. BENMEEERNFESIFRERES TATESR
M., R EAFMEEXKAEN, AR THRBH. 1AM ol mE e gz
o

KA FEM-FCT &3, %54 MR HEN A BB AR BER LT o] FE 48 JOR: il &,
Xt F NACA0012 BAIWITBE AN, AT EEMBEEREN, ENoHMEKMESLR
SMATHERERT. BERBEASERXRSFE. MEATTE RIS,
1993 4E 7 A 16 HukcHl, 1994 4F 1 H 21 BB 4CH




1292 MOT ¥ W ®B15E

MBS, XBUFRE 2B TERTEL

1 #EHTE
F H<F{E2Y Euler 12
QU /at)+ GE/ax)+(F/ay)=0 (1)
Hep
U=1lp, pu, pv. el E =[pu, pu2 +p. puv, ule+p)’

F=lpv, puv, pv’ +p, vle+p)'
REFEH
p=(V—1)[e—p(u2+v2)/2] )
Heyhtbth, Bly=14,

2 BEF®

(1) &5 HR-FET BRI W T B 7EEWT. T 5 F — B 4 78 X 2 a)
A ES., M THEREREXRAUAZN. WMTHEGRNIFELERS, X
K BRBEARE, DIREHEE. FCT B EMAERMBRAEAEXR, WHESH
TR FERENHER, DEBTARIGE —E4E, EREBXI I BSMERTRE
R
2.1 MR

kA —BREK Taylor—Galerkin XM HE L ERX, EET Lax—Wendroff B,
HE®Y

® fEr=1"RHTaylorBF, Kn+1/2%H

U = U+ (At /) QU /an)l” + O(ALY) 3)
BORRA, B3
U =U" —[GE" /ax)+ (F" / ap)lAt / 2 (4)
@ mU"" " P kn + 11
U =U" + AU /o) (5)

R (DARA, #

AU"=U""" - U" = — AlGE /ox)+GF" ' /oyl (6)
XHA)FA(6)NFEZE [a] LKA Galerkin MAGEML, B4 KARMSH REEE; FH KL
KSR EBEEE. NORXTEXREEL KA. ORALME—FEH, 0

M AU" =R’ Q)
WHBRHANRBOERR SN ALK, RABAEKRRE, RN
M AU"=R+M_ —MAU" )

n+1/2 +1/2



F 1148 SRR AT O WY B R R R I A RUC R 1293

XE M BE—XSHAERE, MHRICEN M RITRATREZM. B M, REPRRER,
Mc R—BURBRRE. Q)R PH LR h i, XAERBESURE, —BAF
= 3 K.

2.2 {EBrHER

WA E P F R Taylor—Galerkin ¥, EJET Lax BEX., KB ESHHER L

K., BB MRS e, EwmRAW AR
[raa=q, +1,+1)4° /3 ©)
XEQ REMBEIC, AYNEHER. HRIEHR RE, HEn—RBHEEN DIFF,
TEA
M, AU'=R+C,(M_—M)U" (10)
WA B AR,
23 REBEEHERXFCT)

FCT AT EEEZSHERSIA, EEFHTEPEIELEWHENE, aTHE#RTIA
RIZFEBMOEES W, BEIEABRICHIIASZHYNAITTM, BAEARTHLH
FCT #=.

FRIUGEBREE-TETHBREITHE, RERBENERTTE. B &
AEZE T BTN TR, SATBRAISHSESAMRES TEORET B4, &
BAPEANTRAEF N TR

U =U" + LEC (11)

XEK EC e mik. SRy S 2 55 S5 2 oos ik HEC F{KE H oo 5T 8k
LEC. XHBAE R BT
AEC = HEC — LEC (12)
HREEITES, BMANEHEXEEERXAHEERY, FUFARITET HEC
M LEC 5 BK AEC. #Fx L, HERXH£(10)X14E
AU"—AU'=M (M, —M)(C,U" +AU") (13)
XEQNKR, BREA
AU" —AU' = TAEC (14)

Hag (13) 5 (14) K, FEESRILHTER, B
AEC=M_'(M_ —-M) (C,U" +AU"), (15)
MR ERT M REESREHRE.

HRRIC FCT AP, “RY BB THIRENEEES, BAXEMER. HitEad
BX: O )R BIEMNE AU, @ h15RBARY BAEITHR AEC; @ h(10)R187
K& U'= U+AU; @ BR#% AEC, 7EHIT EXF AEC B 1F



1294 m oz ¥ # Fis#
AEC® = C,AEC 0<C, <1 (16)

C. BN F— S Er U™ £ Flu™, U™zK, %KES VR UEX© A
AECC i+ n+1 BHE 28
Ut =u'+ TAECS (17)

rRAED, BRUFBOEBHIBEAIEE. TR UTFILELR: @ HERAE
(f)AEC Xt I S HITTRR

pi=2{""} © AEC) (18)
® 8 I S EBRRKUNHEGGH)
0 =ym —U' (19)
© HHER®
Riz{min(l, o*/P*) P >0, PT <0 o0
0 P*=0
REMEBARIERC,
¢ = min {R ' AEC>0 o
¢ R AEC <0

HEWEE, p;ETREHM P ETSEEAD. UERBKE T SHFHEHRH
U, UP™N. BGARE, RIESRAFESE. REUT", UPYBRA TERRSR L
U BRI B/IME.

3 AFREHSERN

itE+, BNFELR R
BogiA, KHER 8RS MR
BIF. B&, FCTRANBLEH—
YWARBIE. R ARRTR S 7
UL 0N z

BRI 2o 1A B 3 OB 1 B (0,0 . 0
. ERERRAR—EFHE ABCD
ERSMRNR, ARBARER, 4
iR L, BERELE X T A A(—12,—8) B2, — &)
RUETEWE. U EEMEAD
Riemann 75 & )4 th 1 & F 1R K

s=p/pys v.=ut_+vt, R _=v +[2c/ (=D R_=0 —[2c/(y-D1 (22

Hepr=(r,, )W ARIE, BR\EHELER, EAF EREEXREGEBOMERS), W

D(—12,8) C (12, 8)




R KERS: “HUFEAMKMESNFEEERRBICH 1295

FEEEQORXRME po uo v p, ERYMRE EIUREFER IFHEE. WHEAER
HRE MW

4 PR A

RS RTS MRAEBE P AR =AY
Rk, AHEERATEE_RXE. ¥THEIA=SH
BT KERE 6, MEET MG N o XH
BRI TCAE o IR B HIEK T 46, £ o MIEE I
AR EE R 6 2).

A A R A A R A R = AT S
RS, RENARRETAAR, HERETLR
FriTEe, KESELM, ARARNEERRR L I
BB TEMREERENRSEHMG, THMEED S

dé

Sy

.
ZREBTERRBEHE R, FHEE B2 R RE
WA R SMFS., EANEER
LB A% —EREB=MERTE U 4109 .
3), ﬁiﬁﬁ—?%fnﬂﬂﬁﬁﬁfﬁﬁﬁ, E : 11
AERER. B 3(FE (bR LI > 8 5 8
4453 B R HE R — 4 Z A BoeHT A R R ) -
AR, 6 7 “ 6 7 3
P R, B4 3 R P 7 05 350 5 @ @
WHEERTE. PR E R R A3 =AERTHER

HREHSN . BAFTHXHY @ WEEE 0 ER—=ABETRENH
FEREEN _HIBEMBERETFHRBAIER. E-RKH5T, FEN_BHSIEHN
TR EXERERE, BRERAEFEME A A LGAZLD, HEREREN ML, TREN
BN

1/2

a=¢, 6=0al /AN 6 . d=lA /4, (23)
HURTFRS EFTA AL 1A | OBOKME, o NAEMBRE ERIR/ N,

1/2
|

Heb ||

1" max

5 BUHBBISERNT

% NACA 0012 BREARF Mach MB A T #4778, F558 © MfpAt
WO ERMTHE., FEEMAN: O Mae=05 o«=—002°;® Mas, =085,
a=10°;® Ma.=12, a=70°. BA4HBENRE . B 4FE 4(0)5EEH ft
ANTESERFEMBE. B4OREFEFR, WHORBANEEEEE, Mit2EMNET
H, BEEEIKERY. FHENIRBPX—FREL T, B TRBEMEMEERK,



1296 it = #F M Bi15#

AT RED. [ S R 6 REHIOAF PO HRM 5SS RS, BERFRE
FIMBERE R, FIRGA TSI T MR BORBE, YCHRI A,

C
P #WWJ”MWM
0.8
-
0. 44 4 Fé,_wﬂ“""”
0 i
—0.4 ~o- 3CHR (6D
Rt 58
—0.8 N —-1.4 s
0 0.5 z 1 [0} 0.5 z 1 0 0.5 . 1
(@) @® «©)

SENNIES - kil

(@) Max=05. a=-002° (b)) Max.=085 2=10°" (o) Man=12, a=70"

B5 Ma,=085 a=1.0HMENEHETSE
(a) MEAFH N.=1827, Np=960  (b) F—KHAEN N =296, Np=1553
() BKHEN Ne=5611, Np=2893



L BEARS: “HTHONREA B YRS F AR 1297

Z JTAVAVAW S / !
SRRIOOETN AV
e, G
SRR Y\

\AA 4‘\
V.’ ‘;l"

AT

%)

W6 Mao.=12, a=7.0"° BAMEMEEFL
(a) FIHPAKE N=1827, Np=960 (b)) H—KHEN Ng=1880, Np=986
() B KEEN Ng=4138, Np=2122

3 £ X W

! Lohner R, ef al. An adaptive [inite element procedure for compressible high speed flow. Comput Meths Appl Mech
Engrg, 1985; 51: 441—465

2 Lohner R, et al. Finite element flux—corrected transport(FEM—FCT) for the Euler and Navier—Stokes equation. Int
J Num Meths Fluids, 1987; 7: 1093—1109
Peraire J, et al. Adaptive remeshing for compressible flow computations. J of Comp Phys, 1987; 72: 449—466
Zalesak S T. Fully multi dimentional flux—correct transport algorithm for fluids. J of Comp Phys, 1979; 31. 335—
362

5 Thibert J J, et al. NACA 0012 airfoil, experiment data based for computer program assessment. AGARD ARI138,
1979

6 Pulliam T H, et a/.Euler computation of AGARD Working Group 07 Airfoil Cases. AIAA paper 85-0018, 1985



