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Abstract The Coronal Interplanetary-Total Variation Diminishing (COIN-TVD) magnetohydro-
dynamic (MHD) model developed in recent years that can effectively realize the coronal-interplanetary
three-dimensional (3D) solar wind simulation. In this paper, the 3D coronal solar wind is studied by
using this model. In order to simulate the heating and acceleration of solar wind in coronal region, the
volume heating term in the model is improved. For MHD simulations, one of the key problems is to
remove the magnetic field divergence error. Then, the influence of different methods to reduce the
magnetic field divergence error on the coronal solar wind structure is discussed. The background solar
wind of CR2199 is simulated by the diffusive method, Powell method, Diffusive and Powell method. The
simulation results are consistent with the features of the coronal solar wind. The Diffusive and Powell

method can control the relative magnetic field divergence error at the order of 10
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The streamline represents the magnetic line of force and the equivalent line represents the temperature



30

I 2 B HL . X EE IR 4(a) (b) BT RL & BR, 784 [H]
DR, REA A % B R K TR B %% B 5 AH )
FERUTR PRI B R B TR n] L R B B S % A
AR FR o T % B 5 IR BORA DG, TRLBE T v 1y
77 BB FE RN, B AR B 5 ke Y 58 B AR R
A BN

KA B, 4 =Pt A 718456 COIN-
TVD R BEATBUE T, iy 1 WS N S B 15

Chin. J. Space Sci. =IFAFFIR 2022, 42(1)

22RO, R AN BB R E(B), Rl

|V - B|Ah
EB)=——F5—. 10
B3 (10)
3 N
Hr, Ah = S — - BolC
(Ar)*  (rA0)®  (rsinfAp)®
I EATTHYRFIE R

K 5 45 B2 TVD A% SS9 BUL TR E S

Density / cm™ Density / cm™
Model A [ 1.012 (x109) Model B [1.012 (x10%)
0970 20 0.970
0928 15 0.928
0886 |, 0.886
0.844 ) 0.844
0802 . | 0.802
S0
0760 % | 0.760
0718 5 0.718
0.676  -10 0.676
0.634 s 0.634
0.592 0.592
-20
0.550 0.550

x /R

x /R

B4 BHUA R A FIBR B I 1 R, 3 22.5 R, (90 T/ 1 LR SO
MELFRME 1L, FHLFREE

Fig. 4

Results of the magnetic field lines and numerical density obtained by Model A and

Model B from 1 Ry to 22.5 R,. The streamline represents the magnetic line of force and

the equivalent line represents the number density

E(B)

1.00 (x10°7)
8.90 (x10°%)
7.80 (x10°%)
6.70 (x10°%)
5.60 (x10°%)

b  E®B

1.00 (x10°7)
8.90 (x10°%)
7.80 (x10°%)
6.70 (x107%)
5.60 (x107%)
4.50 (x10°%)
3.40 (x10°%)
2.30 (x10°%)
1.20 (x10°%)
1.00 (x10°)

A
-10

Ly
—20

0
x/ R

Y BOEEIUS R 1 R, 3 22.5 R, RGN IR 2200 FF2- 1 ¢=180°—0° (a)

Hp=270°—90° (b) Y431

< 9
" S 4.50 (x10°%)
3.40 (x10°%)
-10 2.30 (x10°%)
15 1.20 (x10°%)
1.00 (x10°
0 ( )
0
x/ R
Kl 5
Fig. 5

Relative Error of magnetic field divergence obtained by diffusive method on the meridional plane of

$=180°—0°(a) and ¢=270°—90°(b) from 1 R, to 22.5 R,



A9 B =YK FARAEM

FHE B AE T2 18 180°— 0°FIF-4F- 1 270°— 90°/E A
X RES I R 22 . HIE 5 AT LA Y, FLAE KA X
YRR 22 K4 HI7E 10 °~10 " i, K6
i TVD A& 25 G /S TR R RS RIS AR
IFi] 1) 2 1T A B AR S R S O R 2% . B IET 6 AT LA
A, R A X R 3 IR 1R 22 KR o 45 I AE
10 °~10 " ARG, 18 78 TVD R Z5 A HU\ ik
BT RS J5 A5 B0 A 7L PSS [R) ) 74 T A B 1 AH
XTREEUE RS . FIE 6 TTLAAE Y, B Bk Ak

E(B)

z/ R,
o

x /R,

1.00(x107)
8.90 (x10°%)
H7.80(<10%)
H6.70 (x10°%)
5.60 (x10°%)
84,50 (<10°%)
3.40 (x10°%)
230(x10°%)
120(x10°)
1.00(x107)

31

T A 5 2 RERE R B 37 1 5 25 R o4 il
10 °~10° ByHE4L

AT WM Fe B = APk, B color bar EAT
TYi—. WUFR K BOE A S5, B
JER 22 PR RIS 2R T o 80k BUARTE K 4y
IX. 43, P10 K 3 WO s L 10 ° YRS B, (HAE
r=2R, MHI BB AE, BRI, § U\ Bk
5 COIN-TVD #2455 BRRE , U nmg > P55 1)\
Pk 5P B A A T AR R

20 E (B)

1.00(x10°7)
8.90(x10°%)
L[ 7.80(x10°)
—16.70(x10°%)
5.60(x10°%)
4.50(x10°%)
3.40(x10°%)
2.30(x10°%)
1.20(x10°%)
1.00(x10°)

K6 i \BOAEIIS R 1 R ] 22.5 R, MREFHIRTUE R Z0LTF/F I $=180°—0° (a)
Hp=270°—90° (b) L1531

Fig. 6

E(B)

1.00 (x10°7)
8.90 (x10°%)
7.80 (x10°%)
6.70 (x10°%)
5.60 (x107%)
4.50 (x10°%)
3.40 (x10°%)
2.30 (x10°%)
1.20 (x10°%)
1.00 (x10°)

z/ R,
=

20

x /R,

K 7

Relative error of magnetic field divergence obtained by Powell method on the meridional plane of
$=180°—0°(a) and ¢=270°—

90°(b) from 1 R; to 22.5 R

1.00 (x107)

8.90 (x10°%)
—17.80(x10%)
6.70 (<10
5.60 (<10
450 (x10°%)
—3.40 (x10%)
230 (<107
120 (x10°%)
1.00 (x10°)

x /R

Y WO\ DEAIAR B 1 R, 3 22.5 R, MG U R 2200 FF /- 1H

$=180°—0° (a) Flp=270°—90° (b) L FI4315

Fig. 7

Relative error of magnetic field divergence obtained by Diffusive and Powell method on the meridional

plane of ¢=180°—0°(a) and ¢=270°—90°(b) from 1 R, to 22.5 R;



# COIN-TVD MHD ##) FF H % X, R H
BRABAR RN e AR 28 Go Xt i 1A 7 2 0 R SR Ak . TR
AR FE BRI AT LIS H g2 K BH XU o it
T, TR ANRE IR IR Qe (/P2 ) i K g ik 4L Q T
A H 52 K PH RURA) 38 B R B 38 K, i I %2 K PH AU
UG H 2 XK PRI L5 . R AN [ i i 37 1t
JEIRZE AL, B0k NS PO\ kg
A TVD #% AT TR, I X 1  B50% 1% 25 AT L
B ZEREFI, B0 I A 8 FH IV R R EOK B R T
RFFT 1) B2 3 SCT DAARSIE MHD 5 B4 i) <P E . 2%
4 COIN-TVD BRI, /U B AE A SCHE 2]
) = R RSO A B 2 B R e

e 7 5 3 A B SRSt i AR R T R ] 2 Y
BB, AR L2 )T a0 T S, Bl GLM Jr
PIARAE . CT ik, #5875 . LSP )ik, GSP ik,
I ELAR AT LA [ p 2 AT BT B4 35 ) #4011 A5
Ko B TASON MR 5P HORLS A I, A
W s E GLM =FIE ] LAY 8ok | 1Ak
CT ¥k, #5214k, LSP Jrik, GSP Hikiifrdl &, XA
frit— A5

Bt K EREIHENE Bk B T http://gong.nso.edu/.
R BE R T R m-1A BHITEL.

SE Xk

[1] WEI Fengsi. "Digital space" is a new strategic in space sci-
ence and technology[J]. Henan Science and Technology
2016(19): 7 (BhZE. “BUF=s [H] 7 2 25 (AR R = ).
TR, 2016(19): 7)

2] HAKAMADA K, AKASOFU S I. Simulation of three-di-
mensional solar wind disturbances and resulting geomag-
netic storms[J]. Space Science Reviews, 1982, 31(1): 3-70

3] TOTH G, SOKOLOV I V, GOMBOSI T I, et al.

weather modeling framework: a new tool for the space sci-

Space

ence community[J].
Space Physics, 2005, 110: A12226

[4] SMITH Z K, DETMAN T R, SUN W, et al. Modeling the
arrival at earth of the interplanetary shock following the
12 may 1997 solar event using HAFV2 and 3-d MHD
HHMS models[J]. Space Weather, 2007, 6: S05006

[5] LINKER J A, RILEY P, MIKIC Z, et al. CORHEL MHD
Modeling in Support of Solar Dynamics Observatory[M].

Journal of Geophysical Research:

Miami: American Astronomical Society, 2010
[6] FENG X S, YANG L P, XIANG C Q, et al. Three-dimen-

(7]

(8]

[9]

(10]

(11]

(12]

(13]

(14]

(15]

(16]

Chin. J. Space Sci. ZIAFAFFIR 2022, 42(1)
sional solar wind modeling from the sun to earth by a SIP-
CESE MHD model with a six-component grid[J]. Astro-
physical Journal, 2010, 723(1): 300

FENG Xueshang, WU S T, FAN Quanlin, et al. A class of
TVD type combined numerical scheme for MHD equations
and its application to MHD numerical simulation[J].
Chinese Journal of Space Science, 2002, 22(4): 300-308 (1%
S, WU S T, Wk, 5. —KTVDRIA 522535k R
TERE T AEE B R R ). 25 Rk 2R 22 3], 2002, 22(4):
300-308)

FENG X S, WU S T, WEI F S, et al. A class of TVD
type combined numerical scheme for MHD equations with
a survey about numerical methods in solar wind simula-
tions[J]. Space Science Reviews, 2003, 107(1/2): 43-53
FENG Xueshang, XIANG Changqging, ZHONG Dingkun.
The state-of-art of three-dimensional numerical study for
corona-interplanetary process of solar storms[J]. Scientia
Sinica Terrae, 2011, 41(001): 1-28 (B0, M FH, 4P 4
OR B H AT R BR R = B 5T e (D).
T ER b BRRRE, 2011, 41(001): 1-28)

SHEN F, FENG X S, WU S T, et al. Three-dimensional
MHD simulation of CMEs in three-dimensional back-
ground solar wind with the self-consistent structure on the
source surface as input: Numerical simulation of the Janu-
Journal of Geo-
physical Research: Space Physics, 2007, 112: A06109

SHEN Fang, FENG XueShang, SONG WenBin. An asyn-

chronous and parallel time-marching method: Application

ary 1997 Sun-Earth connection event[J].

to three-dimensional MHD simulation of solar wind[J].
Scientia Sinica Technologica, 2009, 52(10): 2895-2902
SHEN F, FENG X S, WANG Y, et al. Three-dimensional
MHD simulation of two coronal mass ejections’ propaga-
tion and interaction using a successive magnetized plasma
blobs model[J].
Physics, 2011, 116: A09103

SHEN F, FENG X S, WU S T, et al. Three-dimensional
MHD simulation of the evolution of the April 2000 CME
event and its induced shocks using a magnetized plasma
blob model[J].
Physics), 2011, 116: A04102

SHEN F, WU S T, FENG X, et al. Acceleration and de-

celeration of coronal mass ejections during propagation and

Journal of Geophysical Research: Space

Journal of Geophysical Research (Space

interaction[J].
Physics, 2012, 117: A11101

SHEN Fang, SHEN Chenlong, WANG Yuming, et al.
Could the collision of CMEs in the heliosphere be super

Journal of Geophysical Research: Space

elastic. Validation through three dimensional simu-
lations[J]. Geophysical Research Letters, 2013, 40: 1457-
1461

SHEN Fang, SHEN Chenlong, ZHANG Jie, et al. Evolu-
tion of the 12 July 2012 CME from the Sun to the Earth:
data-constrained three-dimensional MHD simulations|J].

Journal of Geophysical Research: Space Physics, 2014,


http://gong.nso.edu/
https://doi.org/10.1007/BF00349000
https://doi.org/10.1088/0004-637X/723/1/300
https://doi.org/10.1088/0004-637X/723/1/300
https://doi.org/10.3969/j.issn.0254-6124.2002.04.002
https://doi.org/10.3969/j.issn.0254-6124.2002.04.002
https://doi.org/10.1360/zd-2011-41-1-1
https://doi.org/10.1360/zd-2011-41-1-1
https://doi.org/10.1360/zd-2011-41-1-1
https://doi.org/10.1360/zd-2011-41-1-1
https://doi.org/10.1360/zd-2011-41-1-1
https://doi.org/10.1002/grl.50336
http://gong.nso.edu/
https://doi.org/10.1007/BF00349000
https://doi.org/10.1088/0004-637X/723/1/300
https://doi.org/10.1088/0004-637X/723/1/300
https://doi.org/10.3969/j.issn.0254-6124.2002.04.002
https://doi.org/10.3969/j.issn.0254-6124.2002.04.002
https://doi.org/10.1360/zd-2011-41-1-1
https://doi.org/10.1360/zd-2011-41-1-1
https://doi.org/10.1360/zd-2011-41-1-1
https://doi.org/10.1360/zd-2011-41-1-1
https://doi.org/10.1360/zd-2011-41-1-1
https://doi.org/10.1002/grl.50336

|

(17]

(18]

[19]

[20]

21]

22]

23]

24]

[25]

[26]

[27]

¥ % B =4 K M8 RAE S

119: 7128-7141

POWELLK G. A solution-adaptive upwind scheme for
ideal magnetohydrodynamics[J]. Journal of Computational
Physics, 1999, 154(2): 284-309

JANHUNEN P. A positive conservative method for mag-
netohydrodynamics based on HLL and Roe methods[J].

Journal of Computational Physics, 2000, 160: 649-661

YEE H C, SJOEGREEN B. Efficient low dissipative high
order schemes for multiscale MHD flows, II: minimization
of V- B numerical error[J]. Journal of Scientific Computing,
2006, 29: 115-164

DEDNER A, KEMM F, Kroner D, et al. Hyperbolic diver-
gence cleaning for the MHD equations[J]. Journal of
Computational Physics, 2002, 175: 645-673

TOTH G. The
magnetohydrodynamics codes[J]. Journal of Computational
Physics, 2000, 161: 605-652

EVANS C R, HAWLEY J F. Simulation of magneto-
hydrodynamic flows: a constrained transport method[J].

Astrophysical Journal, 2007, 332(2): 659-677

DAI W, WOODWARD P R. A simple finite difference
scheme for multidimensional magnetohydrodynamical equa-
tion[J]. Journal of Computational Physics, 1998, 142: 331-
369

HOPKINS P F. A constrained-gradient method to control
divergence errors in numerical MHD[J]. Monthly Notices of
the Royal Astronomical Society, 2016, 462: 576-587

SERNA S. A characteristic-based nonconvex entropy-fix

V-B = 0 Constraint in shock-capturing

upwind scheme for the ideal magnetohydrodynamic equa-
tions[J]. Journal of Computational Physics, 2009, 228(11):
4232-4247

FENG X S, LIU X J, XIANG C Q, et al. A new MHD
model with a rotated-hybrid scheme and solenoidality-pre-
serving approach[J]. The Astrophysical Journal, 2019,
871(2): 226

LIU Yuanxin, JI Zhen, FENG Xueshang, et al. CESE
method for resistive magnetohynamics[J]. Chinese Journ-

al of Space Science, 2010, 30(003): 211-220 (XJCHT, 42,

28]

29]

30]

31)

(32]

33]

(34]

35]

33

Az, S H B REAA ) E R A CESE Ty e ). &5 (R4
24, 2010, 30(003): 211-220)

ZHANG M, FENG X S. A comparative study of diver-
gence cleaning methods of magnetic field in the solar coron-
al numerical simulation[J]. Frontiers in Astronomy and
Space Sciences, 2016, 3

YANG Z C, SHEN F, YANG Y, et al. Three-dimensional

MHD simulation of interplanetary solar wind[J]. Chinese
Journal of Geophysics, 2018, 20: 2127
NAKAMIZO A, TANAKA T, KUBO Y, et al. Develop-

ment of the 3-D MHD model of the solar corona-solar wind
combining system[J].
Space Physics, 2009, 114(A7): 109

FENG X S, ZHANG S H, XIANG C Q, et al. A hybrid
solar wind model of the CESE4+HLL method with a Yin-

Journal of Geophysical Research

Yang overset grid and an AMR grid[J]. Astrophysical
Journal, 2011, 734(1): 50
ZHOU Y F, FENG X S, WU S T, et al. Using a 3-D

spherical plasmoid to interpret the Sun-to-Earth propaga-
1997 coronal

Journal of Geophysical Research Atmospheres,

tion of the 4 November mass ejection
event[J].
2012, 117(A1): 102

YANG Zicai, SHEN Fang, YANG Yi, et al.
present research on the WSA solar wind model[J]. Chinese
Journal of Space Science, 2018, 38(03): 285-285 (T4, ik
35, 5, g . WSAK X Z SRR K R ). 23[Rk
222, 2018, 38(03): 285-285)

YANG Zicai. Numerical Simulation of Three-Dimensional

Analysis of

Magnetorheological Simulation of Solar Wind in Interplan-
etary Background[D]. Beijing: The University of Chinese
Academy of Sciences, 2018 (#F4". 172 R St ABHKAY =
Y W AR S B AU (D). db T i R 2 B F 5 A B
2018)

YANG Liping. Background Study on 3D Numerical Simu-
lation of Solar Wind[D]. Beijing: The University of Chinese
Academy of Sciences, 2011 (#FF-. 155 AR BHRA = HE5E
REUAFFE (D). dbat: HEPBLA BT AR, 2011)

RIEHRE: IMED)


https://doi.org/10.1006/jcph.1999.6299
https://doi.org/10.1006/jcph.1999.6299
https://doi.org/10.1006/jcph.2000.6479
https://doi.org/10.1007/s10915-005-9004-5
https://doi.org/10.1006/jcph.2001.6961
https://doi.org/10.1006/jcph.2001.6961
https://doi.org/10.1006/jcph.1998.5944
https://doi.org/10.1016/j.jcp.2009.03.001
https://doi.org/10.3847/1538-4357/aafacf
https://doi.org/10.1088/0004-637X/734/1/50
https://doi.org/10.1088/0004-637X/734/1/50
https://doi.org/10.1006/jcph.1999.6299
https://doi.org/10.1006/jcph.1999.6299
https://doi.org/10.1006/jcph.2000.6479
https://doi.org/10.1007/s10915-005-9004-5
https://doi.org/10.1006/jcph.2001.6961
https://doi.org/10.1006/jcph.2001.6961
https://doi.org/10.1006/jcph.1998.5944
https://doi.org/10.1016/j.jcp.2009.03.001
https://doi.org/10.3847/1538-4357/aafacf
https://doi.org/10.1088/0004-637X/734/1/50
https://doi.org/10.1088/0004-637X/734/1/50
https://doi.org/10.1006/jcph.1999.6299
https://doi.org/10.1006/jcph.1999.6299
https://doi.org/10.1006/jcph.2000.6479
https://doi.org/10.1007/s10915-005-9004-5
https://doi.org/10.1006/jcph.2001.6961
https://doi.org/10.1006/jcph.2001.6961
https://doi.org/10.1006/jcph.1998.5944
https://doi.org/10.1016/j.jcp.2009.03.001
https://doi.org/10.3847/1538-4357/aafacf
https://doi.org/10.1006/jcph.1999.6299
https://doi.org/10.1006/jcph.1999.6299
https://doi.org/10.1006/jcph.2000.6479
https://doi.org/10.1007/s10915-005-9004-5
https://doi.org/10.1006/jcph.2001.6961
https://doi.org/10.1006/jcph.2001.6961
https://doi.org/10.1006/jcph.1998.5944
https://doi.org/10.1016/j.jcp.2009.03.001
https://doi.org/10.3847/1538-4357/aafacf
https://doi.org/10.1088/0004-637X/734/1/50
https://doi.org/10.1088/0004-637X/734/1/50
https://doi.org/10.1088/0004-637X/734/1/50
https://doi.org/10.1088/0004-637X/734/1/50

	0 引言
	1 三维COIN-TVD MHD模型
	1.1 磁流体控制方程
	1.2 体积加热法

	2 磁场散度误差处理方法
	2.1 扩散法
	2.2 八波法
	2.3 扩散八波法

	3 计算区域及边界条件
	4 数值模拟结果
	5 结论

