
R1 R2 (R1 < R2)
ω1 ω2

ω1ω2 < 0 |ω2|

Ω

Ω = {(r, θ , z) R1 < r < R2, θ ∈ S1 = R/ (2 π Z ) z ∈ R}

∂ v

∂ t
+ (v. 5 v) + 5p =

1

Re
4 v

5.v = 0

{

(u , v, w ) = (0, 1, 0) r = 1
(u , v, w ) = (0, aω, 0) r = a

a = R2

R1

ω = ω2

ω1

. a ω

Re = (R2

1
ω1/ ν )

x = R1x, t =
t

ω1

, p = ρ R2

1
ω1p v = R1ω1v

x, t, p v
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z = ±(h/2)

α = k
2π

h

k
z 7→ z + 2π

α

Ωp = {(r, θ, z) 1 < r < a, θ ∈ S1 −
π

α
≤ z ≤

π

α
}

(3 ) − (4 )

Vc = (0, vc, 0) vc = vc(r) = Ar(1 +
B

r2
) r ∈ [1, α]

A = a2ω−1
a2

−1
B = a2(1−ω)

a2ω−1
.

Pc = Pc(r) = C + A2(
r2

2
+ 2B lo g (r) −

B2

2r2
)

GL (2) 2 O(2) 2

O(2) = {R ∈ GL (2) RtR =t RR = I2}

SO(2)

SO(2) = {Rθ =

(

c o s(θ) − sin (θ)
sin (θ) c o s(θ)

)

θ ∈ S1}

• o z τ : z 7→ z + s , s ∈ R

• xo y S : z 7→ −z

• o z Rφ : θ 7→ θ + φ , φ ∈ S1

(2) − (4 ) Γ = O(2) × SO(2)
Γ = O(2) ×

SO(2) E G
x ∈ E

{γ ∈ G γ.x = x}

Σc Γ = O(2) × SO(2),
ΣS = SO(2).
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m R 2π

m

V = V

SO(2)
oz oz ω

T , ω = 2π
θ

)

(V, q) = (V (r, mθ + αz + ωt), (q(r, mθ + αz + ωt))

φ = mθ + αz + ωt,

m
∂

∂φ
=

∂

∂φ
, α

∂

∂φ
=

∂

∂z
ω

∂

∂φ
=

∂

∂t

∂

∂θ
=

m

α

∂

∂z

Ωp = {(r, z) r ∈ [1, a] z ∈ [−
π

α
,
π

α
]}

(2) − (4) (5 )

a(u, v) =
2

Re
(D(u), D(v)), u, v ∈ H1(Ω)

D(., .)

b(v, q) = −(q, d iv(v)), v ∈ H1(Ω) q ∈ L2(Ω)

c(u, v, w) = ((u.5)v, w), u, v, w ∈ H1(Ω)

ΩT = Ω × [0, T ]

T > 0 Ω (1) u p
(2) − (4)














u ∈ H1(Ω) p ∈ L2
0(Ω) u − û ∈ H1

0 (Ω)
( ∂ u

∂ t
, v) + a(u, v) + c(u, u, v) + b(v, p) = 0

b(u, q) = 0 q ∈ L2
0(Ω)

u(x, 0) = u0(x) x ∈ Ω
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•
∂u
∂t

∂u

∂t
=

3un+1 − 4un + un−1

2 4 t

• H1(Ω) Vh, H1
0 (Ω)

L2
0(Ω) Qh inf − su p

∃β > 0 inf
q∈Qh

su p
u∈Vh

b(u, q)

|q|0 ‖u‖1

≥ β

Q2 − P1 inf − su p
(u, p)

{

‖u − uh‖H1(Ω ) ≤ c1h
2

‖p − ph‖L2(Ω ) ≤ c2h
2

Vh Qh H1(Ω) L2(Ω)
(6 )

•

• LDU

•

•
A

q q > p
q = m in(2p, p + 8 ) p

10 × 10
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Q2−P1

1
r

(D(u), D(v)) D(.)

a = R2

R1

ω = ω2

ω1

Rec

m 6= 0 σ0

.1%

a = 1.3300, ω = −0.6, m = 1 α = 10.9 8

σ0 = ω0i = 0.346 Rec ' 366.5.
Re1 Re1 ≥ Rec

u0 = uc + εv

0.01 ≤ ε ≤ 0.1 uc v
Ur
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n = t
∆(t)

, ∆ (t) = .1 P3 Re = Rec
Re = 37 0

Re Re > Rec.

(r, z)
Re ' 366.50 Re = 390

u(t + τ) u(t) τ
τ T/4

P3
Re = Rec = 366.50 Re = 390
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Re = 366 t = 100 ∗ ∆(t) ∆(t) = .1

Re = 390 t = 100 ∗ ∆(t) ∆(t) = .1

Re = 390 t = 200 ∗ ∆(t) ∆(t) = .1
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Re = Rec Re = Rec

Re = 390 Re = 390
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3 − D

2
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