








March 18, 2025

03/19/2025

3/19/2025















2

2





2



ΔP = −4γ cos θ

d

Δ γ
θ

φ

φ =

⎧⎪⎨
⎪⎩

1 ,
−1 ,
−1 < φ < 1

φ

∂φ

∂t
+ u · ∇φ = γ∇2G



u

γ

G

G

G = −λ∇2φ +
λ

ε2 φ(φ2 − 1)

λ

ε

W = 2
√

2ε σ

σ =
2
√

2
3

λ

ε

G ∇4φ

ψ

ψ = −ε2∇2φ + (φ2 − 1)φ

∂φ

∂t
+ u · ∇φ =

γλ

ε2 ∇2ψ

ρ(φ)

(
∂u
∂t

+ u · ∇u
)
= −∇p +∇ · τ + F + ρ(φ)g

ρ

p

τ

F



g

F

F = G∇φ

φ G F

φ

τ
τ = μ(φ)(∇u +∇uT)

∇ · u = 0

φ

ρ(φ) =
1 + φ

2
ρ +

1 − φ

2
ρ

μ(φ) =
1 + φ

2
μ +

1 − φ

2
μ

∂φ

∂t
+ u · ∇φ =

γλ

ε2 ∇2ψ

ψ = −ε2∇2φ + (φ2 − 1)φ

ρ(φ)

(
∂u
∂t

+ u · ∇u
)
= −∇p +∇ · τ + G∇φ + ρ(φ)g

∇ · u = 0

φ ψ u p

u = 0



n · ∇G = 0

G = λ
ε2 ψ

n · ∇ψ = 0

∇φ · n =
1
λ

3
4

σ cos(θs)(1 − φ2)

θs n

φ̃ ψ̃ ũ p̃
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ψ∇φũ dΩ

×

·
×
×





μ × μ







2

+
(

1 − x
2

)
2 → x + (1 − x) 2

2



i 2 2 2

∂Ci

∂t
= ∇ · (Di∇Ci)

Ci i 3

Di i 2

2

2

2

2 2

2

RC = ke f f Csur f ace
2

RC
2

ke f f (1/m2s)

SA (m2)

Csur f ace
2

O2
2

ke f f



−D 2∇C 2 · n =
(

1 − x
2

)
RC =

(
1 − x

2

)
ke f f Csur f ace

2

−D ∇C · n = −xRC = −xke f f Csur f ace
2

−D 2∇C 2 · n = −(1 − x)RC = −(1 − x)ke f f Csur f ace
2

∂

∂t
(ρcpT) = ∇ · (K∇T)

ρ 3

cp

T

K

qv
3

−K∇T · n = ΔH RC = ΔH ke f f Csur f ace
2



2 2 2

2
∂(εC 2)

∂t
= ∇(D , 2∇C 2)−

(
1 − x

2

)
ke f f C 2

∂(εC )

∂t
= ∇(D , ∇C ) + xke f f C 2

2
∂(εC 2)

∂t
= ∇(D , 2∇C 2) + (1 − x)ke f f C 2

2
∂(εC 2)

∂t
= ∇(D , 2∇C 2)

∂(εC )

∂t
= ∇(D , ∇C )

∇(De f f ,i∇Ci)
∇ · ()

ε

ε

∂

∂t
(ρcpT) = ∇ · (K ∇T) + ΔH k AC 2

ε




















