
W/cm2

W/cm2





dh >> 1 mm





q̇W =
Q̇W

A

[
W

m2

]
.

q̇W ΔT

α

α ≡ q̇W
ΔT

[
W

m2 K

]
,



εNu =
Nurau

NuRef

εNu

ελ



η =
εNu

ελ
=

Nurau/NuRef

λrau/λRef

k η

η =
1,15 · Pr1/7

1 + 0,82 · 10−5 · Pr2
· (1− 0,106 · k+ 1/4

)

k+ =
u∗ · k
ν

=
k

d
· Re

(
λrau

8

)0,5

,

u∗ u∗ =
√

τ̄0
ρ

1 ≤ k+ ≤ 1000 0,7 ≤ Pr ≤ 200

Pr < 50

η = 1,15 · Pr1/7 · (1− 0,106 k+ 1/4
)

k+ η = 1

500 < Re < 105



η =
1 + 1,5 · Re−1/8 Pr−1/6 · (Pr − 1)

1 + 1,5 · Re−1/8 Pr−1/6 · (Pr · λrau/λglatt − 1)

Pr ≈ 0,72

ελ
≤ 1

k+

k+

k+ ≥ 70

η =
1,07 + 12,7 · λglatt/8 (Pr2/3 − 1)

1 +
√

λrau/8 [5,19 k+ 0,2 Pr0,44 − 8,48]

η = εNu/ελ = f(Pr; k+)



η = log

(
Pr0,33

k+ 0,243

)
− 0,32 · 10−3 k+ log Pr + 1,25

k+

k/D

k

ks

Re = 2300

λ

λ =
Po

Re
; Po = f(H/B)

0 < H/B < 1

3000 < Re < 105

λ =
0,3164

Re0,25



H/B → 0

λ =
0,348

Re0,25H

ReH
dh = 2 ·H

5·103 < Re < 107

1√
λ

= 2 lg

(
Re
√
λ

2,51

)
.

2300 < Re < 107

λ =
1

(1,8 · lg Re− 1,5)2

λ

Re = 2300

d > 10 mm

k = 0,07 mm

ks



1

2 3

b1 b3

y y = 0

δ

Rekrit ≈ 2300

δ δv



k < δ v

δv < k

λ =
1(

2 lg(dh
ks
) + 1,74

)2 ; λ = f

(
ks
dh

)

k/dh

k → 0 Re → ∞

ks

λ = 1,74− 2 lg

(
2 · ks
dh

− 18,7

Re
√
λ

)
; λ = f

(
Re;

ks
dh

)

ks
δv

k+s = ks u
∗/ν



0 < k+s < 5

5 < k+s < 70

70 < k+s

η = εNu/ελ k+s

η = f(k+s )



δth =
δv

3
√
Pr

P/e = 10

P/e

P/e < 8

e/dh
α P/e



e/dh
e/dh = 0,076

e/dh
P/e α

φ

e/dh α



η

α W m−2 K−1 Δp





Q̇

dS

dt
=

Q̇

T
= ṠQ

dS

dt
=

Q̇

T
+ Ṡirr, Ṡirr ≥ 0



ĖV = Tu · Ṡirr

Be =
ṠPro,ΔT

ṠPro,ΔT + ṠPro,Δp

; φ =
ṠPro,Δp

ṠPro,ΔT

ṠPro,ΔT

ṠPro,Δp φ

φ 0 < φ < 1



φ > 1

φ = 1

φ < 1

ṠPro,ΔT

φ < 1



ΔT/T ΔT = TWand − TF luid

(ΔT/T )Opt.

ΔT
T

<
(
ΔT
T

)
Opt.

ΔT
T

>
(
ΔT
T

)
Opt.

ΔT/T



Ṡirr = ṠPro

ṠPro = ṠPro,W + ṠPro,D



ṠPro,W

ṠPro,D

Ṡ

Ṡ ′′′
Pro,W

Ṡ ′′′
Pro,W :=

λf

T 2

[(
∂T

∂x

)2

+

(
∂T

∂y

)2

+

(
∂T

∂z

)2
]



Ṡ ′′′
Pro,D :=

η

T

[
2 ·

((
∂u

∂x

)2

+

(
∂v

∂y

)2

+

(
∂w

∂z

)2
)

+

(
∂u

∂y
+

∂v

∂x

)2

+

(
∂u

∂z
+

∂w

∂x

)2

+

(
∂v

∂z
+

∂w

∂y

)2
]

ṠPro,lam = ṠPro,W + ṠPro,D

ṠPro,turb = ṠPro,W̄ + ṠPro,D̄ + ṠPro,W ′ + ṠPro,D′

ū T̄

ṠPro,W ′ ṠPro,D′

Ṡ ′′′
Pro,W ′ :=

aturb
a

λ

T 2

[(
∂T̄

∂x

)2

+

(
∂T̄

∂y

)2

+

(
∂T̄

∂z

)2
]

Ṡ ′′′
Pro,D′ :=

η · ρ · ε
T̄

ε

ε ε

ε

ε



ks/dh

λ ≡ −2 · dh dp/dx

ρ w2

dϕ/dx

ϕ12/L12

ϕ12 ≡ T · ṠPro,D

ṁ

ṠPro,D =

∫
V

Ṡ ′′′
Pro,D dV

λ ≡ ϕ12

L12

· 2 dh
w2

m

.

Δp = p1−p2
φ12





1− 10−3 m 10−3 − 10−6 m 10−6 − 10−9 m

S3 S2

S0

freie Weglänge
charakt. Geometrie

Λ
Dh

S−1

Trägheitskraft
Reibungskraft

ρ w dh
η

Druckabfall
T rägheit

Δp
ρ w2 S−1

Trägheitskraft
Oberflächenkraft

ρ w2 dh
σ

Reibungskraft
Oberflächenkraft

η w
σ

λ Reibungsfakor C
Re

S−1

Kn < 0,001

ΛWasser = 0,1 nm ΛStickstoff = 100 nm

Kn < 0,001 dh,krit = 0,1 μm

dh,krit = 0,1mm



x∗

Nu = Nu (x∗, Re, Gr, Pr, Pe, Ec, Ma, Λk, Λs, Kn, Kz)

Λk Λs

Kn

Kz

Pe = wdh/a



Ec = w2/(cpΔT )

Λs

KzT

Kzp

Λs = k/dh

3 − 6 μm



146 < dh < 440μm



κ = Br · λ · Re < 0,1

Br = η w2
m/(q̇W dh) Ec =

Pr Br

κ

MRohr =

(
λs

λf

)(
D2 − d2

d · L
)
· 1

RePr
< 10−2

λs λf

MKanal =
λs As

(λf Af Re Pr)



Gz = Re Pr
dh
L



Nu = 1,86 (Re Pr)1/3
(
dh
L

)1/3

.

Re > 600

Nu = 0,021 (Re Pr)0,7 .



Ra < 1 μm



ks
r

<
5

1,41Re0,5
.

ks
Re ≈ 2000 ks/r = 0,08

Rp RSm

ε = Rp + Fp

dred = d− 2 ε



Re(dred) = 350

e/H = 5 %



Rekrit = 2100

50 μm




