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Abstract To develop a high performance MHD numerical simulation method is an important factor

in research of numerical prediction of space weather. The upwind flux splitting scheme based on finite

volume method has good ability to capture discontinuities. Steger-Warming and AUSM (Advection

Upstream Splitting Method) schemes are two outstanding upwind flux splitting scheme, which are

classified as FVS (Flux Vector Splitting) method. In this paper, these two schemes are applied to solve

the Extended Generalized Lagrange Multiplier Magnetohydrodynamics (EGLM-MHD) equation with

Galilean invariance. Results obtained from Orszag-Tang vortex and three-dimensional blastwave

problem indicate that those two schemes are both robust and accurate. Particularly, AUSM scheme
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is superior to Steger-Warming scheme in divergence error control and computational speed.

Key words MHD numerical simulation, Steger-Warming scheme, AUSM scheme
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#�$�%�%#. �$�%& (MHD) �"&'(
'�  H)!�� ��!�"�Æ, *+()"
,*-!I [1], . "#!/�#$% [2,3] $0"
+&$% [4] !/#,1$%' [5] "+&–�%-
(I. [6] &!!)&2/*+30, ''41(,
#. )(�)*-$-*5 ��!�"�Æ./
0)1"2, �,6)7289*�Æ:+,34
,5;633&. 4-, <�35=��$�%&�
"&'./(+3 ��!�"�Æ*-�1+J
6.> [7].

7 ��!�Æ-)#?�8/,,./7)8
0 91�:&�:$%. �"�;.//�@&
A�;./2Æ-(3K�:�L<./91, 7=
.3/$40125/:6>./?@)3 [8]. @
&A�;./M6>- FDS (Flux Difference Split-

ting) A FVS (Flux Vector Splitting), B/ FDS .
//C Roe B3 [9] HLL B3 (Harten, Lax and

Van Leer)[10] &, C FVS .//C Steger-Warming

B3 [11] Van-Leer B3 [12] D AUSM B3 [13] &.

MacCormack[14] +71N@&�;./, 7,
28 MHD.9;�++*,E.9�1FGD:8
-1FD:, ;C('<.@&>E./��;. )
( MacCormack 7H.9;F5G<,=@&>E
24.�( Steger-Warming ./, B5(5)6H
7. 8<.O>?./�@@./�5(5, I4A
9J"B5C4=.:+K=. Pan & [15] +71N
LC�IM��;(5G<>E./, N./('4
'./?@5(JB5O:?Æ.

K1NJ6�@&�;./( AUSM B3 [13],

BE$,,>-$4DAE%D,PL;BQ>IM
�=.$,,. <. AUSM B3,.=.,,;F
5G<�<F"A<F!,, =.3MJ3.

7=> MHD �"&'R9/I>?�#:+
,-N�@6, B(4=.$-7�G#?$%, A
G4=.?O. 4-H@A�#:+-N, IB@

6 [16]. �#:+C?./M6)BN: CT (Con-

strained Transport) ./ [18] $64.SD;B, J
-TC; Powell+7�E0&J [19] 77289*I
7�:U�>?,?D�$-;FEK?/ [17] $6
VF@@=.GP, MacCormack[14] 74. Steger-

Warming B32<.4LN./; WMPBQ!H
Q (Generalized Lagrangian Multiplier, GLM) .
/ [20] ,R@@8, ψ �.3, 4�#:+@6G2
2HNAO:, Han & [8] 74. AUSM B32<.
4LN./. II74. Steger-Warming A AUSM

B32<.�(R#JWMPBQ!HQ (Extend-

ed Generalized Lagrangian Multiplier, EGLM) ./,

EGLM ( GLM �1+8N, B74,A�XH.
9/J@4O ψ A ∇ ·B ))�PD. IQ [21] 4
. GodunovB3=.4#�#&SQ�/�#�:
JK01, $-*5 EGLM 5 GLM 5=?Y.

II4. Steger-Warming A AUSM B3�;
T)RUV,85� EGLM-MHD.9,L,RW+
�$�%&.6HZR,=H5>K. LCWNB
37�; EGLM-MHD .92�,,=../  
�S:A2�L,, EWNB3H.C Orszag-Tang

M$01A=>MS001, H$-,=H5>K.

1�NTOÆ

1.1 STUV
�;T)RUV,85<F� EGLM-MHD .

9, [

∂ρ

∂t
+∇ · (ρu) = 0,

∂(ρu)

∂t
+∇ ·

[
ρuuT +

(
p+

1

2
B2
)
I −BBT

]
=

− (∇ ·B)B,

∂B

∂t
+∇ · (uBT −BuT + ψI) = −(∇ ·B)u,

∂E

∂t
+∇ ·

[(
E + p+

1

2
B2
)
u−B(u ·B)

]
=
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− (∇ ·B)u ·B −B · (∇ψ),

∂ψ

∂t
+ c2h∇ ·B = −u · (∇ψ)− c2h

c2p
ψ. (1)

3/, ρ -X+, u -/+, p -E#, B -�X
H#+, ψ (-4@A�#:+-NCA9�8,,

E =
p

γ − 1
+

1

2
ρu2 +

1

2
B2 -=,, (M ch A cp >

N-YU psi H$AO:I.�O� [20], =../
)*:

ch =
LCF

Δtn ×max
(1
d

) ,

LCF = max
[ (|un|+ cf)Δtn

d

]
,

cp =

√
−Δtn

c2h
ln(cd)

.

B/, LCF -�=.5(5P'D(� CFL�, d -
;BPV"Æ, cd ∈ (0, 1) (Q-W(�O�, II
.6/ Steger-Warming B3' cd = 0.9, AUSM B
3' cd = 0.3.

=> MHD .93 (1) ('X-

∂U

∂t
+∇ · F t = S. (2)

B/, S -3 (1) B+.9YQPDWR�!,.

H3 (1) WQ7;BPV,=\>('

dU i

dt
Ω i +

nface∑
j=1

F tj · nij |Vij | = SiΩi. (3)

B/, Ω -;BPV��\, |V | --Z;BPVS
Q>>\, i S*T i +;BPV, j S*T i +;B
PV�T j +SQ>, nface -T i +;BPV�S
Q>X�, n -;BPVSQ>�PR/!S,.

.9YQPD Si �S:<.)Z�\/A/
:B3PU=. [20], )

∇ψi =
1

Ωi

∑
ψiknik|Vik|, (4)

∇ ·Bi =
1

Ωi

∑
Bnik|Vik|. (5)

B/ ψik A Bnik �'"]3 (29).

-VW �ZF:+, L[<. MUSCL .
/ [23] ,=J%, L4. minmod ZU\�[U\

X. ' x .!-6, J%('*V-
U+

i+
1
2

=U i+

1

4
(1− k)minmod

(
Δ

i− 1
2
U , bΔ

i+
1
2
U
)
+

1

4
(1 + k)minmod

(
Δ

i+
1
2
U, bΔ

i− 1
2
U
)
,

(6)

U−
i+

1
2

=U i+1−

1

4
(1− k)minmod

(
Δ

i+
3
2
U , bΔ

i+
1
2
U
)−

1

4
(1 + k)minmod

(
Δ

i+
1
2
U , bΔ

i+
3
2
U
)
.

(7)

B/, Δ
i+

1
2
U = U i+1 −U i, k = 0, b = 1.2.

4.ZFRunge-Kutta / [24] I-2�L,.
/. TYS:^.9- dU

dt
= Lh(u), L[

Lh(u) = − 1

Ω

∑
F t · n|V |+ S.

ZF:+2�6UB3-

U (1) = Un +ΔtLh(U
n), (8)

Un+1 =
1

2
(U (1) +Un) +

1

2
ΔtLh(U

(1)). (9)

1.2 Steger-Warming YZ
7]_[Z;BQ>V�;,,2, => MHD

.93 (2) ('X-

∂U

∂t
+
∂F

∂x
+
∂G

∂y
+
∂H

∂z
= 0. (10)

B/, 3 (2) YQPD S �C?]3 (4) A3 (5).

U. Steger-Warming B3=.,,2, ' x .
!-6, )

∂U

∂t
+
∂F

∂x
= 0. (11)

[^4. EGLM=.,,2,.<.�./ [21],E
3 (11) >;-W+Q.9&W A A B.

Q.9 A -

∂ρ

∂t
+
∂(ρu)

∂x
= 0,

∂(ρu)

∂t
+

∂

∂x

(
ρu2 + p+

−B2
x +B2

y +B2
z

2

)
= 0,

∂(ρv)

∂t
+

∂

∂x
(ρuv −BxBy) = 0,
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∂(ρw)

∂t
+

∂

∂x
(ρuw −BxBz) = 0,

∂Bx

∂t
= 0,

∂By

∂t
+

∂

∂x
(uBy − vBx) = 0,

∂Bz

∂t
+

∂

∂x
(uBz − wBx) = 0,

∂E

∂t
+

∂

∂x

[(
E + p+

B2
x +B2

y +B2
z

2

)
u−

Bx(uBx + vBy + wBz)

]
= 0. (12)

Q.9 B -

∂Bx

∂t
+
∂ψ

∂x
= 0,

∂ψ

∂t
+ c2h

∂Bx

∂x
= 0. (13)

B/Q.9 A �,,<. Steger-Warming B3�
;. Q.9 A �X`8,-

U = [ρ, ρu, ρv, ρw, Bx, By, Bz, E]T. (14)

,,-

F =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

ρu

ρu2 + p+
−B2

x +B2
y +B2

z

2

ρuv −BxBy

ρuw −BxBz

0

uBy − vBx

uBz − wBx(
E + p+D

)
u−Bx(uBx + vBy + wBz)

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

.

D =
B2

x +B2
y +B2

z

2
. (15)

MHD .9;F5G<�GD:5\_Y/]
9HB,=@&>E, -- MacCormack 7,28
`.9;�++*, - MHD .9A91+a�8
, a, L]B`&C 1. 7LN89*, a�X`8,
('X-

U ′ = [ ρ, ρu, ρv, ρw, Bx, By, Bz, E, a ]
T
.

(16)

`,,b8-

F ′ =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

ρu

ρu2 + p+
−B2

x +B2
y +B2

z

2a

ρuv − BxBy

a

ρuw − BxBz

a
0

uBy − vBx

uBz − wBx(
E + p+D

)
u− Bx

a
(uBx + vBy + wBz)

0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

.

D =
B2

x +B2
y +B2

z

2a
. (17)

U.8aG< S = ∂W ′/∂U ′ EYU.9�H
8,�X`8,8a-`Z8,,Lc(4;F5G
<�d3?-bP, G< S �T�d3]IQ [19].

W ′ = [ ρ, u, v, w, Bx, By, Bz , p, a ]
T
.

(18)

b;F5G<(*[-

A =
∂W ′

∂U ′
∂F ′

∂U ′
∂U ′

∂W ′ =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

u ρ 0 0 0 0 0 0 0

0 u 0 0 0
By

ρa

Bz

ρa

1

ρ
− B2

2ρa

0 0 u 0 0 −Bx

ρa
0 0 0

0 0 0 u 0 0 −Bx

ρa
0 0

0 0 0 0 u 0 0 0 −uBx

a

0 By −Bx 0 0 u 0 0 −vBx

a

0 Bz 0 −Bx 0 0 u 0 −wBx

a

0 γp 0 0 0 0 0 u Q

0 0 0 0 0 0 0 0 0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

.

(19)

B/,

B2 = B2
x +B2

y +B2
z ,

β = γ − 1,

Q = −B2/2a2uβ +B · u/a2Bxβ.



12 Chin. J. Space Sci. ������ 2017, 37(1)

G< A \V.� 8× 8 FQG<O Powell+7
�E0&JG< [19] 1_, ]B- A1, G< A1 �<
F"A<F!,O PowellG<�<F"A<F!,
(\]1_�. A1 "RG<H_^('*[-

A1 = C−1ΛC. (20)

B/, C -' A1 c<F"�\<F!,-=!,�
G<, C−1 -' A1 c<F"�Y<F!,-^!,
�G<, T�d3]IQ [19]. Λ -H_G<, BH
_V^- A1 �c<F", T�d3-

Λ =diag(u, u+ vA, u− va, u+ cf , u−

cf , u+ cs, u− cs, u). (21)

B/, vA -]de/+, cf A cs >N-;�_0/
+A_�_0/+.

PL@&,,�!,>E`e,=.0/-Z�
T i PVAT k PV7SQ>�,,(*[-

F ′ = F ′+
i + F ′−

k . (22)

MacCormack OBf�*-HC<F"G< Λ `<
.�( Steger-Warming>E./, []<F" λi >
E- λ±i = (λi ± |λi|)/2. LN>E�f^(=.b
P, 7^(=.R9/I>?\X, AG_/+"O
<F/+G.9�2, \XI\_=.a`. O>?
./('aaL17^,)BIA94VF�Q!]
5,;C\_=.:+K=.gHL101, L[<.
4 Pan & [15] H Steger-Warming B3�2,./,

[LCIM��>E./, IM� m = u/cf , T�d
3-

Λ± =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

u±

(u+ va)
±

(u− va)
±

(u+ cf)
±

(u− cf)
±

(u+ cs)
±

(u− cs)
±

u±

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

m± 1

2
cf

m± 1

2
cf +

1±m

2
va

m± 1

2
cf − 1±m

2
va

m± 1

2
cf +

1±m

2
cf

m± 1

2
cf − 1±m

2
cf

m± 1

2
cf +

1±m

2
cs

m± 1

2
cf − 1±m

2
cs

m± 1

2
cf

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

.

(23)

,, F ′+
i A F ′−

k (*[-

F ′+
i =

[
S−1C−1Λ+CS b1

[0]T 0

]
i

U ′, (24)

F ′−
k =

[
S−1C−1Λ−CS b1

[0]T 0

]
k

U ′. (25)

B/, b1 -�G< A Lf1^+ 8 +V^WR�^
!,, S -EYU.9H8,�X`8,8a-`Z
8,�8aG<, S−1 -B@G<, T�d3(Ob
IQ [19].

]_[Z&=.0/-Z�T i PVOT k P
VSQ>V�H$,,-

F ′
A =F ′+

i + F ′−
k =([

S−1C−1Λ+CS b1

[0]T 0

]
i

+

[
S−1C−1Λ−CS b1

[0]T 0

]
k

)
U ′ =

[
S−1C−1Λ+CSU b+

[0]T 0

]
i

+

[
S−1C−1Λ−CSU b−

[0]T 0

]
k

. (26)

3/,

b =

[
0, nx

B2(β − 1)

2a2
, ny

B2(β − 1)

2a2
, nz

B2(β − 1)

2a2
,

− u
Bx

a
,−vBx

a
,−wBx

a
, u
B2(β − 1)

2a2

]T
.

(27)

B/ β = γ − 1.

HSQ> ik V� b <.Wb]9'c`�.
/, [] b+ = b− = b/2, bc3 (27) /Lf1+*
F a -.��.9, [('WL^�H$,,

FA =(S−1C−1Λ+CS)iU i+

(S−1C−1Λ+CS)kUk +
1

2
(bi + bk).

(28)

G-, Q.9 A �,,�;\R.

Q.9 B �,,(�NQ.97Q>V�de
01;K;�7. ,R�;Q.9 B, (''W ψik
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A Bxik '"-

[
Bxik

ψik

]
=

[
Bxi

ψi

]
+

⎡
⎣
1

2
(Bxk −Bxi)− 1

2ch
(ψk − ψi)

1

2
(ψk − ψi)− ch

2
(Bxk −Bxi)

⎤
⎦ .
(29)

b7Q.9 A LdV�U@,,-

FB = [0, 0, 0, 0, nxψik, nyψik, nzψik, 0, c
2
hBxik]

T.

(30)

4-, �g=.R9/, =.0/-Z�T i PVO
T k PVSQ>V6�;�H$,,-

F = FA + FB. (31)

1.3 AUSM YZ
AUSMB3EH$D/�/+OE%><C?,

,R(M1+c_SQ>V�/+�HH$D,=
>EC?. U. AUSM B3=.T)RUV,85
� EGLM-MHD .9-ZYU�PVSQ>C�H
$,,- [8]

F = cf(M
+
i φi +M−

k φk)+

(P+
i P i + P−

k P k) +
1

2
(φB,i + φB,k).

(32)

3/,

φ =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

ρ

ρux

ρuy

ρuz

Bx

By

Bz

ρe+ pG

0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

, P =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0

nxpG

nypG

nzpG

−B̄fux

−B̄fuy

−B̄fuz

−B̄f(u ·B)

0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

,

φB =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0

−BxB̄f

−ByB̄f

−BzB̄f

nxψ

nyψ

nzψ

0

c2hBf

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

. (33)

B/,*Z iA k >N*[�HSQ>\YWbPV
�hQ, Bf = nxBx + nyBy + nzBz, L[ nx, ny, nz

-SQ>/!S,�=+>,, B̄f = (Bf,i+Bf,k)/2,

XE pG = p+
B2

2
, M± A p± -IM�e"i�,)

M± =

⎧⎨
⎩

±1

4
(M ± 1)2, |M | � 1,

1

2
(M ± |M |), |M | > 1;

P± =

⎧⎨
⎩

1

4
(M ± 1)2(2∓M), |M | � 1,

1

2
[1± sign(M)], |M | > 1. (34)

B/,

sign(x) =

⎧⎪⎪⎨
⎪⎪⎩

1, x > 0;

0, x = 0;

−1, x < 0.

(35)

W';�_0/+(MIM�,LEBI-=.
3 (34) �IM�, [

Mi,k =
ui,k
cf
. (36)

B/ ui,k *[SQ>\YWbPV�_/, ;�_
0/+

cf = min(cf,i, cf,k). (37)

2�NTOf

2.1 Orszag-Tang _`
�C Orszag-Tang M$7BdR2f7*N8

0�-(I., 4-".2.I h�$�%&.
/)35�ZÆ.6. II=.d0- (x, y) ∈
[0, 2π]2, <.IQ [25] �gh"P'. g"-

ρ(x, y, 0) = γ2, p(x, y, 0) = γ,
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u(x, y, 0) = − sin y, v(x, y, 0) = sinx,

Bx(x, y, 0) = − sin y, By(x, y, 0) = sin 2x.

B/ γ = 5/3, 4.ag5hQP', ;B�- 200×
200.

;e 1∼4 ('hfi7, Steger-Warming B3

A AUSM B3`==.7 Orszag-TangM$�LI
$%, ZR=.$--g, JO()*-$-LI-
G [26−28]. ;e 5 WNB3'W� y = 0.625π iV
�E%>i('i7, Steger-Warming A AUSM B
3�=.$-`OIQ [28] / y = 0.625π iV�E
%>iJ-hj. -(,kj EGLMH�#:+@

i 1 Steger-Warming 
	��� Orszag-Tang ��j��k. (a) t = 0.5, (b) t = 2, (c) t = 3

Fig. 1 Density contours of Orszag-Tang vortex with Steger-Warming scheme. (a) t = 0.5, (b) t = 2, (c) t = 3

i 2 Steger-Warming 
	��� t = 3 jk Orszag-Tang ��j� (a) ���k (b) �k
Fig. 2 Pressure (a) and magnetic field (b) of Orszag-Tang vortex with Steger-Warming scheme at t = 3

i 3 AUSM 
	��� Orszag-Tang ��j��k. (a) t = 0.5, (b) t = 2, (c) t = 3

Fig. 3 Density contours of Orszag-Tang vortex problem with AUSM scheme. (a) t = 0.5, (b) t = 2, (c) t = 3
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i 4 AUSM 
	��� t = 3 jk Orszag-Tang ��j� (a) ���k (b) �k
Fig. 4 Pressure (a) and magnetic field (b) of Orszag-Tang vortex with AUSM scheme at t = 3

i 5 Orszag-Tang �� t = 3 jklk y = 0.625π

k�j��k
Fig. 5 Pressure distribution along the line y = 0.625π

for the Orszag-Tang vortex at t = 3

i 6 Orszag-Tang �������� ε lj��
l
Fig. 6 Evolutions of magnetic field divergence error ε

for the Orszag-Tang vortex

6�YU3-, L[ObIQ [19] =.c`�#:
+�-H@6, [

ε(B) =

N∑
i=1

S
Ωi
∇ ·BdΩ

S|V |i |B|d|V |

/
N. (38)

3/ N -X;B�. e 6 m74c`�#:+
-H@6m2��8^. ;e 6 /('i7, m
b=.�,=, WNB3=.$-/�c`�#:
+@6cnnC5(, @A7 10−6 '*, Steger-

WarmingB3=.$-�:+@6V3C AUSMB
3. Lo57I.6/ EGLM ./)3YU4�#
:+@6. I.6�9m4. Intel Fortran ln\,

' O2 f^WD,=ln, 7lm Intel Xeon E7450

CPU (Mm 2.4GHz) �=.oVN=. AUSM B3
7 200×200;B*=.W t = 3#?2n$6 9min,

C Steger-Warming B37-GP'*=.W t = 3

#?2n$6 86min. AUSM B3�=./+J;.

L(=(4- Steger-Warming B3J-TC, /7
J*G<N., C AUSM B3=.GP-HbP.

2.2 defgh
AgC!�MS0,7#�#&SQ�/:�R

EdI>?�$�MS0. MSIp4!F�;/
�80EqB+>�&SQ�A�#, 80.nb>
?rs�&SQ�. IIgh"P'OIQ [22] -
G. =.d0- [−0.5, 0.5]3, gZP'-:

ρ = 1; p =

{
10,

√
x2 + y2 + z2 < 0.1,

0.1,
√
x2 + y2 + z2 � 0.1;

v = 0; B = (1/
√
3, 1/

√
3, 1/

√
3).
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i 7 Steger-Warming 
	��������l z = 0 o��j��k. (a) t = 0.05, (b) t = 0.1, (c) t = 0.2

Fig. 7 Density contours of three-dimensional blastwave problem on the plane of z = 0 with Steger-Warming scheme.

(a) t = 0.05, (b) t = 0.1, (c) t = 0.2

i 8 AUSM 
	��������l z = 0 o�k�j��k. (a) t = 0.05, (b) t = 0.1, (c) t = 0.2

Fig. 8 Density contours of three-dimensional blastwave on the plane of z = 0 with AUSM scheme.

(a) t = 0.05, (b) t = 0.1, (c) t = 0.2

i 9 Steger-Warming 
	�������� t = 0.2 jkl z = 0 o�k�j� (a)op� (b) ��� (c) �k
Fig. 9 Pressure (a), kinetic energy (b) and magnetic energy (c) contours of three-dimensional blastwave on

the plane of z = 0 with Steger-Warming scheme at t = 0.2

B/, γ = 5/3, hQP'4.H�H9/H7hQP
', ;B�- 100× 100× 100.

)e 7 Ae 8 6[, mb=.�,=, =.d0

/:J3�E#p4Mp0!atR:q;e 9 A
e 10 ('iW, LF%�80>(1+;80, .
n(W+!�p, c=C�#JK, /tB�>N(
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i 10 AUSM 
	�������� t = 0.2 jkl z = 0 o�k�j� (a)op� (b) ��� (c) �k
Fig. 10 Pressure (a), kinetic energy (b) and magnetic energy (c) contours of three-dimensional blastwave on

the plane of z = 0 with AUSM scheme at t = 0.2

i 11 ����� t = 0.2 j����okj��k
Fig. 11 Density distribution along the central line for

the three-dimensional blastwave at t = 0.2

i 12 ����������� ε lj��
l
Fig. 12 Evolutions of magnetic field divergence error ε

for the three-dimensional blastwave

1+F%_80A.%91�:>, WNB3=.$
-�X�$%OIQ [22] LI1_. ;e 11 ('i
W=.$-@A43+�Hr5, OIQ [22] �$
-6N,".

e 12 m74U.3 (38) =.�c`�#:+
@6m2��8^, ;e 8 ('i7�#:+-H
@62YU7 10−8 '*, Steger-Warming B3=.
$-�:+@6V3C AUSM B3. 7O 2.1 q.
6-G�N=rq*, AUSM B37 100× 100× 100

;B*=.W t = 0.2 #?2n$6N= 11min,

C Steger-WarmingB37-GP'*=.W t = 0.2

#?2n$6N= 105min, AUSM B3�=./+
;C Steger-Warming B3.

3�sr

,R<. Steger-Warming B3A AUSM B
3�;T)RUV,85� EGLM-MHD .9,

H Orszag-Tang M$A=>MS001,=�"
&', LHZR=.$-,=>K. $-*5:

WNB3`='W5(:D��"$-; Steger-

Warming B37=.R9/>?��#:+@6V
3C AUSM B3; 7H-G#?01,=&'=.
2, AUSM B36$N=2�5 Steger-Warming B
36u, L(=(�C Steger-Warming B3=.J
-TC, C AUSM B3=.GPbP6pR�.
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