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MNTIESE T 2.1.2 /N5 BSE AR A8 y T 1) (SR 5 %if?ﬁ%‘iﬂﬁ*ﬁﬁ)fﬁﬁ HLLC #% 3UAREA 2%
S AEAE SRS TR T 30T AR E R A B, 35X Kim %0 g — 2L

(a) HLLC: max(Re(A(S))) = 1.556 4, N&E (b) FORCE: max(Re(A(S))) =-0.1057, FaE
(a) HLLC: max(Re(A(S))) = 1.556 4, unstable (b) FORCE: max(Re(A(S))) = - 0.105 7, stable
B 1 RRE(ELE S T N Y A
Fig. 1 Distribution of eigenvalues in the complex plane, for individual schemes

(a) x-HLLC +y-FORCE: max(Re(A(S))) (b) x-FORCE+y-HLLC: max(Re(A(S)))
-0.102 7, #&5E 1.099 1, R
(a) x-HLLC +y-FORCE: max(Re(A(S))) (b) x-FORCE+y-HLLC: max(Re(A(S)))
-0.102 7, stable 1.099 1, unstable
B2 SAE{ETE S A S A

Fig. 2 Distribution of eigenvalues in the complex plane, for hybrid schemes
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Gicrorce(1) = @Gy (1) + (1 = @) Gyopep( 1)
Gucroree(2) = 0Gy0(2) + (1 = @) Gygpep(2) (12)
Gucrorce(3) = Gupe(3),
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1 1 o

w=—+— ,
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HLLC A% 3K 5 290k 1 A1 A% T LA, FORCE A% 3 YA 18 21 £ KA 0.5.
e b I SCRR [ 9,13 1m0 5 i R ARG T30 IB TR v 1)
Aui + Ayj . .
{ | Aui + Agj || > &,

=9 || Aui + Ayj ||’ (13)
n | Aui + Agj || < &,
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3.2 FXEH
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‘PR_pL""g* (14)
0.0, others,
Hrr e =107" 0 2.1,2.2 /N 43BN 0 AS R B4 J2 Hh U8B T8 1) 1o A9 RS Bl R
SR G RIS SR SCRRL 11 ] o 8 77 2R AR D00 A S T B 2 75 A W
fpx = maX(f,;(iﬂ/z,_f) s f,;(i,jﬂ/z) , fpu,,‘-l/z) , f1,<i+1,_,'+1/2> > Ji}(i+1,j—l/2) ),
Joy =max(fo iy s Foiova s Fociova s Fotiova, oy s Syinnnjony )
TERCHIE  FE 12 | py — py |23 ML £, BOIREL S 1.0, T JCHRAR HHELIGIE, 7, IR
(B 0.0.45% T 2k, 7 7R WA 1) AT OC RER /(2206 f, BT AR « T y)
1.0, itM, > 1.0, My, > 1.0;
if £, = 1.0, then f = {1.0, it M, < 1.0, M, < 1.0;
0.0, others;
if f, = 0.0, then /= 0.0.
PLy ) 5 i et R 28 R
G f GHII(,HJH(I« + (1 _f) GH[I(, (16)
K (15) TTE £ = 1.0 BYHb Ty, o WS I 5 1] 42 0T R 1), I i 22 U146 B TR 45 38
ORI AR AE TR /b 77, 38 S SRR ] HILLC A% = 0RE ] LU AT B8 22 st/ F44 b i
RA M I R BRI K X (16) Fr BB A% PR Z iy HLLC-FORCE A% =X,
3.3 MUSCL E#
A R SR MUSCL F R S 3R s BoRG 1

1
Ui =U, +— B R\, d(AV,_ ), AV, ),

f, =

(15)

{ (17)
U?H/z =U,, - ?RHI/Z(;b(AVHI/Z AV 0
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Forpr BRAES & B minmod PR, FRAEAS £ (14 2243
AV, =R, (U., -U,), i-lsks<i+L
KH U, MU, 1 Roe FEPRITRAFAEFEHFE R, ,, MR, .

4 FEIAL:

4.1 “HEKEK”EH
A S fe AR SCER [ 2] HT Quirk B2 0TI LA Mach 30k 6 193 B2 A A2 1) 47 7%
Bl TR XN 20x 1 YRI5 AT, RS R 400x20 AR TR A% IS 0 2R Ak /N Bh 25 52 A
Yijmid = Yi jmia T (- l)i'10_6 .
W AT AR A5 H
(p,u,v,p)=1(1.4,0,0,1).
K3 JEs 1 0 HLLC A% ARG A TR TS ¢ = 2 I i) % J3 A (i 2 J&1L M T8 v
WA F A IERR T HLLC 48 B A e LA

B3 5if 4.1 A A
Fig. 3 Density distribution in example 4.1

4.2 BENLHK BN EE

K35 — AT 2.1 /N1 AT I 0 BEAILEE 2 (] 51 1 T 0 LA Mach 5 20 1% 3 B2 A
LA, TR X 20x 1 BF51 A, W% R 400x20 A9 AETE IIAS A AT 0146 2548 m
107 fEFENLE S .

(p,u,v,p)=(1.4,0,0,1) + a-107°,

Hr o 0,1 IFEHLECIE 4 7R T 4350 H HLLC A% CFR S 4% S H A S ¢ = 2 BT R A
(S 1N i b e 31 TR A A8 S0 BR T HLLC A& U B A FeE B 4.

B4 5L 4.2 BRI A
Fig. 4 Density distribution in example 4.2
4.3 HRATE R
VAT )R — 3 1F 2 Godunov U AR (B A% UK R BRI L 5 7R T H
HLLC 4% AR A48 RIS ¢ = 0.15 I A8 B2 (R L R IX O [0,1]x[ 0,17, 19
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FEUR 400x400, 171548 Mach $08 5.09. NEIH AT LIE 2 1RG4 AU ER T HLLC #2078 X
B FOE B A R FEE IR T HAR B T HLLC A8 =X i 20 B B0 A, 00 | 28 S 7
Ja B A Mach 2 S8 , A3 A 18] B9 /N8 RS BT A0 5 5 408 3 I T DL,

B5 Fl43 WEENE
Fig. 5 Density distribution in example 4.3
4.4 FBERTEAE B
5 R PR IR AL 2 R A %) 480 3 DX e 7 A TR0 R A 52, 5 FH P A A 40160,
e AT R I Mach £k 10, BARWI GG S5 F RN A4, WSCHR[17]. 181 6 J&R T i HLLC
& AR A M 545 2 1 25 B 40 A P, AABLERE ] ¢ = 2. ] DL s 5 BTR A A% X B T
HLLC 4% 2 A3 A F e P,

HLLC-FORCE

B 6 FB 4.4 (%A

Fig. 6 Density distribution in example 4.4

B 7 545 %A

Fig. 7 Density distribution in example 4.5
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4.5 HBIEKEE
FHEREA0,3]%[0, 1] BYFEIE X8, 78 « =

0.6 A —Amh 0.2 W5 B, P13 FH 9 A%
240x80. FI 72 [7 47 [ & it Mach B0H 3, 40 1 #]
A, W% SCER (18] 7 &R T fii 1]
HLLC #%URNR A% X T B85 5 Sl ] ¢ =
4 . A] W, HLLC #8045 /AR B BE Y Mach ¥ /5

AT IR AN R G, TR A5 % =X U B 17 1k
PG, It H Mach ¥T 5 18 W 55 28 19 20 9 R o % R
Kb,
4.6 % Riemann [

1.0
p=0.5323 p=15
u=1.206 u=0
v=0 =0
p=03 p=15
0.5
p=0.138 p=0.5323
u=1.206 u=0
v=1.206 v=1.206
p»=0.029 p=03
O() 0.5

B8 il 4.6 BYwITA S

Fig. 8 The initial condition in example 4.6

& Lax 1 Liu WOT R HY B 4 Riemann [o) 3, -4 [Zh’jtj‘][() ,1]x[0,1], % % h 400%

400 , AL A ¢ = 0.3 313 H G 2 F AR 8 Fr.

B9 4.6 MEEN
Fig. 9 Density distribution in example 4.6

AR R B, 1 e 43 B =X (i HLLC A0
Roe ) THEZIE A, 22407 4 1] Wiy &b 25 i 38 95 41
B, TR A A AN BR TR (LR 9) , IF
HARE T HLLC #83m r HER A .
47 R

AR SO 1 1 TR A 4% 285 Ren™™ | X1 A B
ZUOT iy kg Xk AT 0 E RS N IR Y EL AL
Lax F1 Liu" " 42 H 19 4 Riemann [7] 1R R 53451
HAHR X SRR G A5 an L 10 s,

SR A5 50h 800x800 1Y) HLLC 4% X ir 54
RAENSH TR 400400 FHH 45,

10 S0 4.7 (R 1
Fig. 10 The initial condition in example 4.7

AT R TR i 'ﬁﬁ%ﬁﬁzﬂﬂ’hﬁﬁ i A FRR AR

1L (p) |l 722\/7 i

(18)
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Hp ERE N, N, 705 « J5 18 F y J7 ) (8 RS B BT 8] ¢ = 0.25, TS5 RAnE 11
AR AR 22 F CPU TR WL 1, HF rotated Roe /R Ren'® $2 H AU HES Roe
Riemann fi#i% %% , rotated HLLC-HLL /R X1 A B4 4 e IR AAs U N ER 1, iT LB B4R
SCHEHE BT A ST E0RS B R B3 3 7y T AR A 1

11 B 4.7 R4 R

Fig. 11 Density distribution in example 4.7

R AR B RZER CPU T[] Y L 44

Table 1  Comparison of errors and CPU time between different schemes

scheme error || L*(p) || CPU time ¢, /s
HLLC-FORCE 6.189 4E-5 722
rotated Roe 5.813 4E-5 1 156
rotated HLLC-HLL 4.387 5SE-4 681
= A\
5 én Tu

1) ASCX HLLC A% UM FORCE A% 2UHEAT 148 W sh AL s A5 71 T A ARE PR3 Ar , A
5 H SR 1) KRR P AN 2 S B HLLC 6 5 Hh B A A2 B4 A9 it TR B LR — o
HLLC A% XA 5 3 2 A0 00 A 5 T F) D7) 1) 2l 3o k) 0 (DR 1 AS A2 LA o J8ic e o ) ) 40 3l
JE T8 BN RE PR R ARAR S A,

2) AR TR A BEEAR T 1R & HLLC A% =i o f2 3 4 A1) ) 3l it i, HO 545
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IS TR A 1) 8 T S PRI B0, AU T HLLC ¥ A ARG e 4 | i Hfe KRR B b
RE T HLLC #& =m0 B n A s,

A SO ETR A 2B AT DAE ) 2 8 2 HE RS X (1 2 Roe 4% 3X) FHAS BTN 1) 4%
(Blan =T Mk ) FRATRAE S 22 TAE R T g .
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Analysis of Numerical Shock Instability
and a Hybrid Curing Method

HU Li-jun, YUAN Li
(LSEC( Chinese Academy of Sciences) ; Institute of Computational
Mathematics and Scientific/ Engineering Computing ,
Academy of Mathematics and Systems Science,

Chinese Academy of Sciences, Beijing 100190, P.R.China)

Abstract: HLLC is a high resolution scheme, which can capture shock, contact discontinuity
and rarefaction wave accurately. But when it is used to calculate multidimensional problems,
the phenomenon of numerical shock instability may appear near the strong shock. Compared
with the HLLC scheme, the FORCE scheme is stable near the strong shock, and the related nu-
merical dissipation is lower than that of the HLL scheme. The stability of HLLC and FORCE un-
der special conditions was analyzed, a hybrid scheme combining the HLLC and FORCE schemes
in a special way was constructed, and a switching function to invoke the hybrid scheme in the
transverse direction of the shock wave was defined. Numerical experiments demonstrate that
the hybrid scheme not only presents good stability near the strong shock, but also retains the
high resolution of HLLC.

Key words: numerical shock instability; analysis of stability; HLLC-FORCE hybrid scheme;
MUSCL reconstruction
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