
CANS2D モジュール hdmlw

流体エンジン 改良Lax-Wendroff法＋人工粘性

ver. 0.0

1 はじめに

このモジュールは、流体力学方程式・MHD方程式を改良 Lax-Wendroff＋人工粘性法で解くためのもの
です。

2 基礎方程式

以下で γ =定数 は比熱比、他の記号は通常の意味。

2.1 サブルーチン mlw a；移流

∂

∂t
(ρ) +

∂

∂x
(ρVx) +

∂

∂y
(ρVy) = 0 (1)

2.2 サブルーチン mlw h；流体

∂

∂t
(ρ) +

∂

∂x
(ρVx) +

∂

∂y
(ρVy) = 0 (2)

∂

∂t
(ρVx) +

∂

∂x
(ρV 2

x + p) +
∂

∂y
(ρVxVy) = 0 (3)

∂

∂t
(ρVy) +

∂

∂x
(ρVxVy) +

∂

∂y
(ρV 2

y + p) = 0 (4)

∂

∂t

(
p

γ − 1
+

1
2
ρV 2

)
+

∂

∂x

[(
γ

γ − 1
p +

1
2
ρV 2

)
Vx

]
+

∂

∂y

[(
γ

γ − 1
p +

1
2
ρV 2

)
Vy

]
= 0 (5)

p =
kB

m
ρT (6)

V 2 = V 2
x + V 2

y (7)
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2.3 サブルーチン mlw h g；流体重力

∂

∂t
(ρ) +

∂

∂x
(ρVx) +

∂

∂y
(ρVy) = 0 (8)

∂

∂t
(ρVx) +

∂

∂x
(ρV 2

x + p) +
∂

∂y
(ρVxVy) = ρgx (9)

∂

∂t
(ρVy) +

∂

∂x
(ρVxVy) +

∂

∂y
(ρV 2

y + p) = ρgy (10)

∂

∂t

(
p

γ − 1
+

1
2
ρV 2

)
+

∂

∂x

[(
γ

γ − 1
p +

1
2
ρV 2

)
Vx

]

+
∂

∂y

[(
γ

γ − 1
p +

1
2
ρV 2

)
Vy

]
= ρgyVx + ρgyVy (11)

p =
kB

m
ρT (12)

V 2 = V 2
x + V 2

y (13)

2.4 サブルーチン mlw ht；等温流体

∂

∂t
(ρ) +

∂

∂x
(ρVx) +

∂

∂y
(ρVy) = 0 (14)

∂

∂t
(ρVx) +

∂

∂x
(ρV 2

x + p) +
∂

∂y
(ρVxVy) = 0 (15)

∂

∂t
(ρVy) +

∂

∂x
(ρVxVy) +

∂

∂y
(ρV 2

y + p) = 0 (16)

p =
kB

m
ρT (17)

温度 T は既知の定数。

2.5 サブルーチン mlw ht g；等温流体重力

∂

∂t
(ρ) +

∂

∂x
(ρVx) +

∂

∂y
(ρVy) = 0 (18)

∂

∂t
(ρVx) +

∂

∂x
(ρV 2

x + p) +
∂

∂y
(ρVxVy) = ρgx (19)

∂

∂t
(ρVy) +

∂

∂x
(ρVxVy) +

∂

∂y
(ρV 2

y + p) = ρgy (20)

p =
kB

m
ρT (21)

温度 T は既知の定数。
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2.6 サブルーチン mlw m；MHD

∂

∂t
(ρ) +

∂

∂x
(ρVx) +

∂

∂y
(ρVy) = 0 (22)

∂

∂t
(ρVx) +

∂

∂x

(
ρV 2

x + p +
B2

8π
− B2

x

4π

)
+

∂

∂y

(
ρVxVy − BxBy

4π

)
= 0 (23)

∂

∂t
(ρVy) +

∂

∂x

(
ρVxVy − BxBy

4π

)
+

∂

∂y

(
ρV 2

y + p +
B2

8π
−

B2
y

4π

)
= 0 (24)

∂

∂t
(Bx) +

∂

∂y
(Ez) = 0 (25)

∂

∂t
(By) − ∂

∂x
(Ez) = 0 (26)

∂

∂t

(
p

γ − 1
+

1
2
ρV 2 +

B2

8π

)
+

∂

∂x

(
(

γ

γ − 1
p +

1
2
ρV 2)Vx − ByEz

4π

)

+
∂

∂y

(
(

γ

γ − 1
p +

1
2
ρV 2)Vy +

BxEz

4π

)
= 0 (27)

Ez = −VxBy + VyBx (28)

p =
kB

m
ρT (29)

B2 = B2
x + B2

y , V 2 = V 2
x + V 2

y (30)

2.7 サブルーチン mlw m g；MHD重力

∂

∂t
(ρ) +

∂

∂x
(ρVx) +

∂

∂y
(ρVy) = 0 (31)

∂

∂t
(ρVx) +

∂

∂x

(
ρV 2

x + p +
B2

8π
− B2

x

4π

)
+

∂

∂y

(
ρVxVy − BxBy

4π

)
= ρgx (32)

∂

∂t
(ρVy) +

∂

∂x

(
ρVxVy − BxBy

4π

)
+

∂

∂y

(
ρV 2

y + p +
B2

8π
−

B2
y

4π

)
= ρgy (33)

∂

∂t
(Bx) +

∂

∂y
(Ez) = 0 (34)

∂

∂t
(By) − ∂

∂x
(Ez) = 0 (35)

∂

∂t

(
p

γ − 1
+

1
2
ρV 2 +

B2

8π

)
+

∂

∂x

(
(

γ

γ − 1
p +

1
2
ρV 2)Vx − ByEz

4π

)

+
∂

∂y

(
(

γ

γ − 1
p +

1
2
ρV 2)Vy +

BxEz

4π

)
= ρgxVx + ρgyVy (36)
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Ez = −VxBy + VyBx (37)

p =
kB

m
ρT (38)

B2 = B2
x + B2

y , V 2 = V 2
x + V 2

y (39)

2.8 サブルーチン mlw m e；MHD抵抗

∂

∂t
(ρ) +

∂

∂x
(ρVx) +

∂

∂y
(ρVy) = 0 (40)

∂

∂t
(ρVx) +

∂

∂x

(
ρV 2

x + p +
B2

8π
− B2

x

4π

)
+

∂

∂y

(
ρVxVy − BxBy

4π

)
= 0 (41)

∂

∂t
(ρVy) +

∂

∂x

(
ρVxVy − BxBy

4π

)
+

∂

∂y

(
ρV 2

y + p +
B2

8π
−

B2
y

4π

)
= 0 (42)

∂

∂t
(Bx) +

∂

∂y
(Ez) = 0 (43)

∂

∂t
(By) − ∂

∂x
(Ez) = 0 (44)

∂

∂t

(
p

γ − 1
+

1
2
ρV 2 +

B2

8π

)
+

∂

∂x

(
(

γ

γ − 1
p +

1
2
ρV 2)Vx − ByEz

4π

)

+
∂

∂y

(
(

γ

γ − 1
p +

1
2
ρV 2)Vy +

BxEz

4π

)
= 0 (45)

Ez = −VxBy + VyBx + ηJz (46)

Jz =
∂By

∂x
− ∂Bx

∂y
(47)

p =
kB

m
ρT (48)

B2 = B2
x + B2

y , V 2 = V 2
x + V 2

y (49)

2.9 サブルーチン mlw m3；3成分MHD

∂

∂t
(ρ) +

∂

∂x
(ρVx) +

∂

∂y
(ρVy) = 0 (50)

∂

∂t
(ρVx) +

∂

∂x

(
ρV 2

x + p +
B2

8π
− B2

x

4π

)
+

∂

∂y

(
ρVxVy − BxBy

4π

)
= 0 (51)

∂

∂t
(ρVy) +

∂

∂x

(
ρVxVy − BxBy

4π

)
+

∂

∂y

(
ρV 2

y + p +
B2

8π
−

B2
y

4π

)
= 0 (52)
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∂

∂t
(ρVz) +

∂

∂x

(
ρVxVz −

BxBz

4π

)
+

∂

∂y

(
ρVyVz −

ByBz

4π

)
= 0 (53)

∂

∂t
(Bx) +

∂

∂y
(Ez) = 0 (54)

∂

∂t
(By) − ∂

∂x
(Ez) = 0 (55)

∂

∂t
(Bz) +

∂

∂x
(Ey) − ∂

∂y
(Ex) = 0 (56)

∂

∂t

(
p

γ − 1
+

1
2
ρV 2 +

B2

8π

)
+

∂

∂x

(
(

γ

γ − 1
p +

1
2
ρV 2)Vx +

BzEy − ByEz

4π

)

+
∂

∂y

(
(

γ

γ − 1
p +

1
2
ρV 2)Vy +

BxEz − BzEx

4π

)
= 0 (57)

Ex = −VyBz + VzBy, Ey = −VzBx + VxBz, Ez = −VxBy + VyBx (58)

p =
kB

m
ρT (59)

B2 = B2
x + B2

y + B2
z , V 2 = V 2

x + V 2
y + V 2

z (60)

2.10 サブルーチン mlw m3 e；3成分MHD抵抗

∂

∂t
(ρ) +

∂

∂x
(ρVx) +

∂

∂y
(ρVy) = 0 (61)

∂

∂t
(ρVx) +

∂

∂x

(
ρV 2

x + p +
B2

8π
− B2

x

4π

)
+

∂

∂y

(
ρVxVy − BxBy

4π

)
= 0 (62)

∂

∂t
(ρVy) +

∂

∂x

(
ρVxVy − BxBy

4π

)
+

∂

∂y

(
ρV 2

y + p +
B2

8π
−

B2
y

4π

)
= 0 (63)

∂

∂t
(ρVz) +

∂

∂x

(
ρVxVz −

BxBz

4π

)
+

∂

∂y

(
ρVyVz −

ByBz

4π

)
= 0 (64)

∂

∂t
(Bx) +

∂

∂y
(Ez) = 0 (65)

∂

∂t
(By) − ∂

∂x
(Ez) = 0 (66)

∂

∂t
(Bz) +

∂

∂x
(Ey) − ∂

∂y
(Ex) = 0 (67)

∂

∂t

(
p

γ − 1
+

1
2
ρV 2 +

B2

8π

)
+

∂

∂x

(
(

γ

γ − 1
p +

1
2
ρV 2)Vx +

BzEy − ByEz

4π

)

+
∂

∂y

(
(

γ

γ − 1
p +

1
2
ρV 2)Vy +

BxEz − BzEx

4π

)
= 0 (68)

Ex = −VyBz + VzBy + ηJx, Ey = −VzBx + VxBz + ηJy, Ez = −VxBy + VyBx + ηJz (69)
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Jx =
∂Bz

∂y
, Jy = −∂Bz

∂x
, Jz =

∂By

∂x
− ∂Bx

∂y
(70)

p =
kB

m
ρT (71)

B2 = B2
x + B2

y + B2
z , V 2 = V 2

x + V 2
y + V 2

z (72)

2.11 サブルーチン mlw m3 g；3成分MHD重力

∂

∂t
(ρ) +

∂

∂x
(ρVx) +

∂

∂y
(ρVy) = 0 (73)

∂

∂t
(ρVx) +

∂

∂x

(
ρV 2

x + p +
B2

8π
− B2

x

4π

)
+

∂

∂y

(
ρVxVy − BxBy

4π

)
= ρgx (74)

∂

∂t
(ρVy) +

∂

∂x

(
ρVxVy − BxBy

4π

)
+

∂

∂y

(
ρV 2

y + p +
B2

8π
−

B2
y

4π

)
= ρgy (75)

∂

∂t
(ρVz) +

∂

∂x

(
ρVxVz − BxBz

4π

)
+

∂

∂y

(
ρVyVz − ByBz

4π

)
= ρgz (76)

∂

∂t
(Bx) +

∂

∂y
(Ez) = 0 (77)

∂

∂t
(By) − ∂

∂x
(Ez) = 0 (78)

∂

∂t
(Bz) +

∂

∂x
(Ey) − ∂

∂y
(Ex) = 0 (79)

∂

∂t

(
p

γ − 1
+

1
2
ρV 2 +

B2

8π

)
+

∂

∂x

(
(

γ

γ − 1
p +

1
2
ρV 2)Vx +

BzEy − ByEz

4π

)

+
∂

∂y

(
(

γ

γ − 1
p +

1
2
ρV 2)Vy +

BxEz − BzEx

4π

)
= ρgxVx + ρgyVy + ρgzVz (80)

Ex = −VyBz + VzBy, Ey = −VzBx + VxBz, Ez = −VxBy + VyBx (81)

p =
kB

m
ρT (82)

B2 = B2
x + B2

y + B2
z , V 2 = V 2

x + V 2
y + V 2

z (83)
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2.12 サブルーチン mlw m3 t；3成分MHD潮汐&Coriolis力

∂

∂t
(ρ) +

∂

∂x
(ρVx) +

∂

∂z
(ρVz) = 0 (84)

∂

∂t
(ρVx) +

∂

∂x

(
ρV 2

x + p +
B2

8π
− B2

r

4π

)
+

∂

∂z

(
ρVxVz − BrBz

4π

)
= 2q0Ω2

0xρ + 2Ω0ρVy (85)

∂

∂t
(ρVy) +

∂

∂x

(
ρVxVy − BrBy

4π

)
+

∂

∂z

(
ρVzVy − BzBy

4π

)
= −2Ω0ρVx (86)

∂

∂t
(ρVz) +

∂

∂x

(
ρVxVz − BrBz

4π

)
+

∂

∂z

(
ρV 2

z + p +
B2

8π
− B2

z

4π

)
= 0 (87)

∂

∂t
(Bx) − ∂

∂z
(Ey) = 0 (88)

∂

∂t
(Bz) +

∂

∂x
(Ey) = 0 (89)

∂

∂t
(By) − ∂

∂x
(Ez) +

∂

∂z
(Ex) = 0 (90)

∂

∂t

(
p

γ − 1
+

1
2
ρV 2 +

B2

8π

)
+

∂

∂x

(
(

γ

γ − 1
p +

1
2
ρV 2)Vx +

BzEy − ByEz

4π

)

+
∂

∂z

(
(

γ

γ − 1
p +

1
2
ρV 2)Vz +

ByEx − BxEy

4π

)

= 2q0Ω2
0xρVx (91)

Ex = −VyBz + VzBy, Ey = −VzBx + VxBz, Ez = −VxBy + VyBx (92)

p =
kB

m
ρT (93)

B2 = B2
x + B2

y + B2
z , V 2 = V 2

x + V 2
y + V 2

z (94)

Ω0 =定数で z軸まわりをまわる回転基準系。パラメータ q0 ≡ −d(lnΩ)/d(lnR) は、（局所化近似前の）平
衡状態での回転速度分布 Ω(R)を表す外部パラメータ。Kepler回転では q0 = 3/2、定速度回転では q0 = 1。
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2.13 サブルーチン mlw h c；流体・円柱座標軸対称

∂

∂t
(ρ) +

∂

∂r
(ρVr) +

∂

∂z
(ρVz) = −1

r
(ρVr) (95)

∂

∂t
(ρVr) +

∂

∂r

(
ρV 2

r + p
)

+
∂

∂z
(ρVrVz) = −1

r
(ρV 2

r ) (96)

∂

∂t
(ρVz) +

∂

∂r
(ρVrVz) +

∂

∂z

(
ρV 2

z + p
)

= −1
r

(ρVrVz) (97)

∂

∂t

(
p

γ − 1
+

1
2
ρV 2

)
+

∂

∂r

(
(

γ

γ − 1
p +

1
2
ρV 2)Vr

)

+
∂

∂z

(
(

γ

γ − 1
p +

1
2
ρV 2)Vz

)
= −1

r

(
(

γ

γ − 1
p +

1
2
ρV 2)Vr

)
(98)

p =
kB

m
ρT (99)

V 2 = V 2
r + V 2

z (100)

2.14 サブルーチン mlw h cg；流体重力・円柱座標軸対称

∂

∂t
(ρ) +

∂

∂r
(ρVr) +

∂

∂z
(ρVz) = −1

r
(ρVr) (101)

∂

∂t
(ρVr) +

∂

∂r

(
ρV 2

r + p
)

+
∂

∂z
(ρVrVz) = −1

r
(ρV 2

r ) + ρgr (102)

∂

∂t
(ρVz) +

∂

∂r
(ρVrVz) +

∂

∂z

(
ρV 2

z + p
)

= −1
r

(ρVrVz) + ρgz (103)

∂

∂t

(
p

γ − 1
+

1
2
ρV 2

)
+

∂

∂r

(
(

γ

γ − 1
p +

1
2
ρV 2)Vr

)

+
∂

∂z

(
(

γ

γ − 1
p +

1
2
ρV 2)Vz

)
= −1

r

(
(

γ

γ − 1
p +

1
2
ρV 2)Vr

)
+ ρgrVr + ρgzVz (104)

p =
kB

m
ρT (105)

V 2 = V 2
r + V 2

z (106)

2.15 サブルーチン mlw ht cg；等温流体重力・円柱座標軸対称

∂

∂t
(ρ) +

∂

∂r
(ρVr) +

∂

∂z
(ρVz) = −1

r
(ρVr) (107)

∂

∂t
(ρVr) +

∂

∂r

(
ρV 2

r + p
)

+
∂

∂z
(ρVrVz) = −1

r
(ρV 2

r ) + ρgr (108)

∂

∂t
(ρVz) +

∂

∂r
(ρVrVz) +

∂

∂z

(
ρV 2

z + p
)

= −1
r

(ρVrVz) + ρgz (109)

p =
kB

m
ρT (110)
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2.16 サブルーチン mlw m cg；MHD重力・円柱座標軸対称

∂

∂t
(ρ) +

∂

∂r
(ρVr) +

∂

∂z
(ρVz) = −1

r
(ρVr) (111)

∂

∂t
(ρVr) +

∂

∂r

(
ρV 2

r + p +
B2

8π
− B2

r

4π

)
+

∂

∂z

(
ρVrVz − BrBz

4π

)
= −1

r
(ρV 2

r − B2
r

4π
) + ρgr (112)

∂

∂t
(ρVz) +

∂

∂r

(
ρVrVz − BrBz

4π

)
+

∂

∂z

(
ρV 2

z + p +
B2

8π
− B2

z

4π

)
= −1

r

(
ρVrVz −

BrBz

4π

)
+ ρgz (113)

∂

∂t
(Br) −

∂

∂z
(Eφ) = 0 (114)

∂

∂t
(Bz) +

∂

∂r
(Eφ) = −1

r
Eφ (115)

∂

∂t

(
p

γ − 1
+

1
2
ρV 2 +

B2

8π

)

+
∂

∂r

(
(

γ

γ − 1
p +

1
2
ρV 2)Vr +

BzEφ

4π

)

+
∂

∂z

(
(

γ

γ − 1
p +

1
2
ρV 2)Vz +

−BrEφ

4π

)

= −1
r

(
(

γ

γ − 1
p +

1
2
ρV 2)Vr +

BzEφ

4π

)
+ ρgrVr + ρgzVz (116)

Eφ = −VzBr + VrBz (117)

p =
kB

m
ρT (118)

B2 = B2
r + B2

z , V 2 = V 2
r + V 2

z (119)

2.17 サブルーチン mlw m3 cg；3成分MHD重力・円柱座標軸対称

∂

∂t
(ρ) +

∂

∂r
(ρVr) +

∂

∂z
(ρVz) = −1

r
(ρVr) (120)

∂

∂t
(ρVr) +

∂

∂r

(
ρV 2

r + p +
B2

8π
− B2

r

4π

)
+

∂

∂z

(
ρVrVz − BrBz

4π

)
= −1

r
(ρV 2

r − B2
r

4π
) +

1
r
(ρV 2

φ −
B2

φ

4π
) + ρgr

(121)
∂

∂t
(ρVφ) +

∂

∂r

(
ρVrVφ − BrBφ

4π

)
+

∂

∂z

(
ρVzVφ − BzBφ

4π

)
= −1

r

(
ρVrVφ − BrBφ

4π

)
(122)

∂

∂t
(ρVz) +

∂

∂r

(
ρVrVz − BrBz

4π

)
+

∂

∂z

(
ρV 2

z + p +
B2

8π
− B2

z

4π

)
= −1

r

(
ρVrVz −

BrBz

4π

)
+ ρgz (123)

∂

∂t
(Br) −

∂

∂z
(Eφ) = 0 (124)

∂

∂t
(Bz) +

∂

∂r
(Eφ) = −1

r
Eφ (125)
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∂

∂t
(Bφ) − ∂

∂r
(Ez) +

∂

∂z
(Er) = 0 (126)

∂

∂t

(
p

γ − 1
+

1
2
ρV 2 +

B2

8π

)
+

∂

∂r

(
(

γ

γ − 1
p +

1
2
ρV 2)Vr +

BzEφ − BφEz

4π

)

+
∂

∂z

(
(

γ

γ − 1
p +

1
2
ρV 2)Vz +

BφEr − BrEφ

4π

)

= ρgrVr + ρgzVz −
1
r

(
(

γ

γ − 1
p +

1
2
ρV 2)Vr +

BzEφ − BφEz

4π

)
(127)

Er = −VφBz + VzBφ, Eφ = −VzBr + VrBz, Ez = −VrBφ + VφBr (128)

p =
kB

m
ρT (129)

B2 = B2
r + B2

φ + B2
z , V 2 = V 2

r + V 2
φ + V 2

z (130)

2.18 サブルーチン mlw m3 sg；3成分MHD重力・球座標軸対称
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