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Fig. 1. Evolutionary curves of perturbation under superson-
ic condition: (a) Initial perturbation values and initial con-
ditions (I); (b) initial perturbation values and initial condi-
tions (II).
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Fig. 2. Evolutionary curves of perturbation under subsonic
condition: (a) Initial perturbation values and initial condi-
tions (III); (b) initial perturbation values and initial condi-
tions (IV).
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Fig. 3. Evolutionary curves of perturbation in transverse direction: (a) Initial perturbation values (V); (b) initial perturbation val-
ues (VI); (c) initial perturbation values (VII); (d) initial perturbation values (VIII).

2.4 2.4

20 2.0

1.6 1.6
> 1.2 > 1.2 F

0.8 0.8 -

0.4 0.4

0 Oj4 OTS 1;2 1T6 2;0 2.4 00 014 0?8
xr
B4 T4k Sedov SR IR) I 5 B S H 2k

1.2
T

04 08 1.2 16 20 24
T

| | 0
1.6 20 24 0

(a) HLLEM; (b) #-HLLE+y-HLLEM (c) 2-HLLEM+y-HLLE

Fig. 4. Density contours for 2D Sedov blast wave problem: (a) HLLEM; (b) »-HLLE+yHLLEM (c) --HLLEM+y-HLLE.

4 PR Kitamura 55 22 & IUROE A8 5 1 ER
WO A5 A DI H sk e R — P — 4R 1) 58
PG, SR, SRR A — GRS B 23 18 2 AT e
AR, HH 3.1 7 LR e BT 41t
T oy P Bl 2 s AR o 7 ) SO AR AR
RZINE. L, AN ER—Fh 24 4.
PR Sk, 31 SCHR [19] TR 4 Sedov H5%
U TR W SO SRR Tk I 2 4R . BT IR I,
X 45 [0, 2.4] x [0, 2.4]5 0> 9 JE FT pin = 3.5 x 107,
HAHTIT B TE ST pou = 10720 AN K IR A E Hy
1, B uo Al vo ¥R 0. THE i 1 480 x 480 [
RIRPIE, b 28 AR SO A A 1R 4

AR B 4k Sedov 55 I IR R %% B A5
£, FTLUE B, R A HLLEM #% U3, 78
DS T R A b P A L B B T I A 4T R
B Y 2 J7 6] (38 R AR HLLE #% 2053
W, y 7 LL R BRI R T, RZINR. Z8E
SLEG AR S LA ERRE PR T R ASTE A —EL, AT
U] T AT E R A Z YERFIE.

4 —#dt sy HLLEM 4 X

W R I PSR R DT R (18) AR
JEFID] i) S E A B AN 20k T AR E TR

134701-5


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 1B ¥ Acta Phys. Sin.

Vol. 69, No. 13 (2020)

134701

IR, O H— 4R AR I R B
STUIUE. PUHBATIA A S0 e 1) e 2t o 1) )
JE R shHE K 1 A T HLLEM A% =X 0 30 AN FaoE
. 3 4 A ri 8 AR BRI R AR E BRI
Ko, HERIARSGA AN

S = —%ﬁdAu(O, 1,0, a), (21)

FEFERCIAYIE T T, R e ity A e A Oh:

A R

4"t = (1 - 20a0)0", (22)
0"t = (1 - 20,a0)0™,

Pt = (1 - 20,a0)p".

(22) AFEWIRE a5 P A Y) R B S il

4.1  EURERI R
TESE PR B RSN b, S AR B
FEROIL AT LIS TR e B M A, R T R AEA
T8 YA G RIS e BT V12 0 43 B, H)
JH A ST e B SRR T i s
h = min (pL, pR) , (23)
PrR PL
AR, he (0, 1), HAEBERMT R 28Kk, i
h — 0. BRI SHT 0T 0 7 o 7 T 38 e fcnT LA
Ty 5 ATRE R, ZIRR. B, iR 2 Ty
] P BB T Fyy o B, HUAR RN 5 Z AHAR Y o
75 ) B RS B S5y 7 M I BUEE B G 42
B, TR 5 2 AHER Y 2 J7 ] ) XA AT R
hy = min(hi+1/2,j7hi,j+1/2a hi,jfl/Qa
hit1,j+1/25 hi+1,j—1/2);
hy = min(hi,j+1/27hi—1/2,j+17hi+1/2,j+17
hi—1/2.5, hiv1/2,5)- (24)
BT ANES U M ) ™ R B s i o U oA B A S
TN, Fefi 1R FHSCHk [15] Hh YA 5% PRSI 12 Uik
PRI pR£S:

_ 1+ cos(nh,) 1+ cos(mhy)

Gz = 5 s Gy = 5 (25)
WA IR 25 H 53 A AR R AR PR
gzlzl_hi7 gylzl_h§>
Gz2 = (]- - hm)zv gy2 = (1 - hy)2 (26)

5 T T = AR I pR A e . AT
DL B = A eR B0 OB 25 Bl o U300 98 B A 98 55
i/, HXFFREER R, R g1 > g > go.

Function values

B 5 =l R I e B e KRt 2

Fig. 5. Curves for three different shock-detecting functions.
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0
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2 Ny
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(28)
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© 43 ) A B TR0 PR KSR SIY [X ER pR . TR,
—Fh el i ) HLLEM #% X (M-HLLEM, Modified
HLLEM) {58 i () 3R 5Xh

Fll\iz}{zL;_EM — E]iLlL/%N; + SV. (29)
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AT T — S LR (18 B R A 56 AR S Y
M-HLLEM #% 2 f) &4 1 FokS B
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5.1 BENVIEERR S (o) /0
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D3 3 I R B gk (R A o R ORI 8. THRIX
15§[0, 1000] x [0, 20] 8K 53 B 1000 x 20 HYFH R 7K M
. X E— AR — S, A T IE R ANRRETE,
FE TR 46 4 A b B I EUE A —0.5 x 1075 F]
0.5 x 10~ ° I FEHLELE P )

(P, v, )i

=(po, o, Vo, Po) + (a1, a2, a3, a); 5 x 107°, (30)

Hrar(k =1, 2, 3, 4) 5 —0.550.5 Z [Al ¥ BEHLEL.
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A DL R A i A E R B 6 R T
t =120, JE R 1Y HLLEM 4% 20 2L K 5 AR [R] 14 3%
PRI R B 45 G el s = 2 B AR (E 2R R KD 7
TR Ty Jy Tl 38 1) e R (Bt o i ) A A ) i
. af LA 2, HLLEM #8353 45 1) 58 2 Bl il
I, Hoy 75 1) o B A e R Bt I 1075 F G 4 5]
100 2. 10— b et QR AS 280 1 775 OB 119 38 i T
H oy 5 o 38 B ) i K (A R A AR FE TR 1R B Y

(a)
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20

(d)

=10}k

600 700 800 900 1000
T

B 6 FEMLECE S ) B % SR (H4R (a) HLLEM; (b)
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Fig. 6. Density contours of random numerical noise prob-
lem: (a) HLLEM; (b) M-HLLEM-g; (¢) M-HLLEM-g;; (d)
M-HLLEM-g,.

1075 BELRBFHT. = Fhisi 4460 pR B B (i 25 S =22 )
JUP-EA 25, RIS A BUE A 345 F R A T Y
A% PREL (25) AR H R AU

10!

100 BT e

1071 ¢

-= HLLEM
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10-2 ¢
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=
o
&

10-5 E

10~ ¢

10-7

Pl 7 BEATLEC(E MR Ry Ty o) 8 14 d K
Fig. 7. Maximum magnitude of velocity in y-direction of

random numerical noise problem.

5.2 SEAERSEMREM
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M4 (carbuncle). ik ECh 20 B9 A R i £
AR 1Y B AR A S A X 3 0 0 4 A5 A
(po, uo, vo, po) = (1.4, 20, 0, 1), ELHA [ T34 X 48
W K1) 3 F0 300 S 46 T LB 2% Sk [24). AN SCR T
320 x 40 FYZEAE LI R DU s T A% SR 15 1] 8
T A = 48, i HLLEM F1 M-HLLEM 5=
THAAS B2 B AR k. W LIS AE 2, HLLEM

(b)

B 8 e MR SE AL I ) Y B SR (A4 (a) HLLEM
(b) M-HLLEM

Fig. 8. Density contours of hypersonic flow over a cylinder:
(a) HLLEM; (b) M-HLLEM.
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KT R E A “4T B2 4, 1 M-HLLEM #%
RIHBR T AR E IS, 193] 7 ELA 15 I ik i i) 2
BEIE.

5.3 XDk & o) /%

Woodward Fl1 Colellal?) £ H i S5 ik 52 5t 1]
TR BB EAS 2 BRI — A5 24 0. T RREL
k10 AR 1] G HRRE 132 8l 0 A 5 B 1 BT
A BE R 60°, TTEIX I [0, 4] x [0, 1] % 4 B
480 x 120 FIT KR RIS . TEANAYBIIA S5 0F . T 4%
£ 0T 2 2% SCiik [25). K9 i TR ¢ = 0.2,
HLLEM #l M-HLLEMA& X3+ B 45 R /T LA
#|, HLLEM #&%=CH B0 1 25 M i B AT —A~ =
B X —F B A AR FE LS. 1 M-HLLEM #%
TEBR T AFE IS, 158 T 1G0T S ART.

9 BUEL kR IR) R ARG % B S 4 (a) HLLEM;
(b) M-HLLEM

Fig. 9. Density contours of double Mach reflection problem:
(a) HLLEM; (b) M-HLLEM.
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KRS EZ. v LA WA 2], HLLEM 455X
TE 0% TN X A% 28 SF-A 7 B0 8 S BT DA B R
“AT K74, 1 M-HLLEM #% 2R bl 7oA
TR K.

5.5 T HUEFTRHHE AR E] B 2]
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Fig. 10. Pressure contours of 2D Sedov blast wave problem:
(a) HLLEM; (b) M-HLLEM.
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Fig. 11. Density distribution of 2D inviscid contact discon-

tinuity problem.
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Abstract

Reliable numerical simulations for hypersonic flows require an accurate, robust and efficient numerical
scheme. The low-dissipation shock-capturing methods often suffer various forms of shock wave instabilities when
used to simulate hypersonic flow problems numerically. For the two-dimensional(2D) inviscid compressible
Euler equations, the stability analysis of the low-dissipation HLLEM scheme is conducted. The odd and even
perturbations are added to the initial state in the streamwise direction and the transverse direction respectively,
and the evolution equations of perturbations are deduced to explore the mechanism of instability inherent in the
HLLEM scheme. The results of stability analysis show that the perturbations of density and shear velocity in
the flux transverse to the shock wave front are undamped. Due to the symmetry, the 2D Sedov blast wave
problem is computed to prove the multidimensionality of the shock instability. In the one-dimensional case
which is free from the instability, the undamped property of density perturbation is also existent but no shear
velocity is found. The conclusion can be drawn as follows: the shock instability of HLLEM scheme is triggered
by the perturbation growth of shear velocity in the flux transverse to the shock wave front. Based on the
conclusion of stability analysis, the instability of HLLEM scheme is cured by adding the shear viscosity to the
transverse flux. In order to avoid affecting the resolution of the shear layer due to the introduction of too high
shear viscosity, two functions to detect the shock wave and the subsonic regimes are defined, so that the shear
viscosity is only added to the transverse flux in the subsonic regime of the shock layer, while the rest of
numerical fluxes are still computed by the original HLLEM scheme. The results of stability analysis and some
challenging numerical test problems show that the modified HLLEM scheme not only retains the merits of the
original HLLEM, such as, resolving contact discontinuity and shear wave accurately, but also has greatly
improved its robustness, inhibiting the unstable phenomena from occurring effectively when computing the

strong shock wave problems.
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