
Proud plynu

Hmotnostńı proud plynu

Im =
m

t
=

dm

dt

Objemový proud plynu

IV =
pV

t
=

d(pV )

dt
[Pam3s−1 = W ]
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Proud plynu můžeme vyjáďrit pomoćı počtu molekul ν ′,
které procházej́ı daným pr̊ǔrezem za 1s

m0ν
′ =

dm

dt
, pV = kT

m

m0

V = k
m

m0

T

p(
dV

dt

)
p=konst

= k
T

p

1

m0

dm

dt
= k

T

p
ν ′

IV = I = p

(
dV

dt

)
p=konst

= kTν ′

I = kTν ′
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Objemová rychlost prouděńı S

(
dV

dt

)
p=konst

= S [m3s−1]

I = p

(
dV

dt

)
p

= pS

I = pS
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Změna tlaku p̌ri V = konst

Mějme nádobu objemu V s plynem o tlaku p, chceme změnit tlak.

I =
d(pV )

dt
= V

(
dp

dt

)
V

V

(
dp

dt

)
V

= pS ⇒

⇒ dp

p
=

S

V
dt

ln(p) =
S

V
t + konst

p = pxe
S
V
t

Vakuová fyzika 1 4 / 54



Závislost tlaku na čase
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Vodivost vakuového systému

p̌ri rozd́ılu tlak̊u p2 − p1 a proudu plynu I

G =
I

p2 − p1
[m3s−1]

Rychlost odčerpáváńı vak. systému je rovna jeho vodivosti, je-li na
jednom konci p = 0 Pa, G = S

Odpor vakuového systému

R =
1

G
[m−3s]
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Při paralelńım spojeńı vakuových d́ıl̊u

G =
∑
i

Gi =
∑
i

1

Ri

Při seriovém spojeńı vakuových d́ıl̊u

R =
∑
i

Ri =
∑
i

1

Gi
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Objemová rychlost na výstupu z trubice

Mějme trubici s vodivost́ı G , protékanou plynem. Na konćıch trubice
mějme tlaky p1, p2; p2 > p1 a objemové rychlosti S1, S2.

I = G (p2 − p1)

I = p1S1

I = p2S2
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p2 − p1 =
I

G
, p2 =

I

S2
, p1 =

I

S1

1

G
=

1

S2
− 1

S1

S2 = S1
1

1 + S1
G

⇒ S2 < S1

S1 = S2
1

1− S2
G

pouze když G →∞⇒ S2 = S1
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Vliv netěsnost́ı

• skutečné netěsnosti (netěsné spoje, dirky, vady materiál̊u,...)

IN = V
dp

dt
= GN(patm − p1) ≈ GNpatm

• zdánlivé netěsnosti (desorpce plynů z povrchu), se vzr̊ustaj́ıćım tlakem
se desorpce zmenšuje a je nulová p̌ri rovnováze dané tlakem a teplotou
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Vliv netěsnost́ı
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Mezńı tlak

Při čerpáńı, objemová rychlost S < 0 by mělo po nekonečně dlouhé době
platit, že p = p0 = 0 Pa. Ve skutečnosti vždy plat́ı p0 > 0 (netěsnosti,
zdroje plynu, ... ).

p0 =
IN
S

p = p0 + pxe
S
V
t
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Zdroje plynu

1
1F.OHanlon: A Users Gaude to Vacuum Technology, Wiley (2003)
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PRISMA-QME80, tlak 5.9× 10−4 Pa
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PRISMA-QME80, tlak 1.0× 10−4 Pa
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Vodivost vakuových spoj̊u

Vodivost otvor̊u

P2 > P1
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Molekulárńı prouděńı

λ > D

ν2−1 =
1

4
n2va =

1

4

P2

kT
va

ν1−2 =
1

4
n1va =

1

4

P1

kT
va

ν ′ = ν2−1 − ν1−2 =
1

4

va
kT

(P2 − P1)
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IA = kTν ′A0 =
1

4
vaA0(P2 − P1)

G =
IA

P2 − P1
=

1

4
vaA0

G =
1

4
vaA0

T = 293 K ,M0 = 29(vzduch)

G = 115.6A0 [m3s−1]
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Vakuová vodivost kruhového otvoru p̌ri T= 293 K, v molekulárńım režimu
prouděńı pro vzduch:

Pr̊uměr [mm] G [l/s]

16 23.2
25 56.7
40 145.3
63 360

100 908
160 2324
200 3622
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Otvor ve stěně konečných rozměr̊u

Plocha stěny: A
Plocha otvoru: A0

Plochu A0 nahrad́ıme efektivńı plochou

A′0 =
1

1− A0
A

A0

G ′0 =
1

4
vaA0

1

1− A0
A
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Laminárńı prouděńı

G = A0
1

1− β
β

1
κ (1− β

κ−1
κ )

1
2

(
2κ

κ− 1

m0

kT

) 1
2

β =
P1

P2
, κ =

CP

CV
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2

2J. Groszkowski: Technika vysokého vakua, SNTL, Praha 1981
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Vodivost trubic
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Obecně plat́ı

R = RT + RO =
1

GT
+

1

GO

speciálńı p̌ŕıpady:
L→ 0⇒ RT → 0⇒ R → RO

L� D ⇒ RT � RO ⇒ R → RT
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Molekulárńı prouděńı

Dlouhá trubice s kruhovým pr̊ǔrezem

L� D , λ� L

va =

√
8kT

πm0
, P = nkT

ν1 =
1

4
n1va =

P1√
2πm0kT

ν2 =
1

4
n2va =

P2√
2πm0kT
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ω = ν2 − ν1 =
P2 − P1√
2πm0kT

I = kTνA0, G =
I

P2 − P1

I = CkTω ⇒ G =
CkT√

2πm0kT
= C

√
kT

2πm0

Pro vzduch, T = 293 K a kruhový pr̊ǔrez trubice:

G = 121
D3

L
[m3s−1]
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Známeli vodivost trubice pro vzduch, pak vodivost pro molekulárńı
prouděńı pro plyn X je dána vztahem:

GX =

√
M0(vz)

M0(X )
Gvz

Pro L = 1 m, D = 40 mm, T = 293 K:

Plyn G [l/s]

vzduch 7.7
H2 29.3
He 20.7
Ar 6.5

Xe (M=131) 3.6
dif.olej (M∼ 500) 1.8
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Laminárńı prouděńı

rozděleńı rychlost́ı má osovou symetrii, sloupec plynu ve válci s poloměrem
r se pohybuje působeńım śıly F+ = πr2(P2 − P1)
ťrećı śıla působ́ı na ploše 2πrL a je rovna F− = −η2πrLdvx

dr
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F+ = F− ⇒ πr2(P2 − P1) = −η2πrL
dvx
dr

dvx = −P2 − P1

2ηL
rdr

vx = −P2 − P1

4ηL
r2 + konst.

pro r =
D

2
je vx = 0⇒ konst. =

P2 − P1

4ηL

D2

4

vx =
P2 − P1

4ηL

(
D2

4
− r2

)
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označme Ps = 1
2(P2 + P1)

dI = Psd

(
dV

dt

)
Ps

= PsvxdAr = 2Psπvx rdr

dI = Ps
π(P2 − P1)

2ηL

(
D2

4
− r2

)
rdr

I = Ps
π(P2 − P1)

2ηL

∫ D
2

0

(
D2

4
− r2

)
rdr

I = Ps
π

128η

D4

L
(P2 − P1)⇒ G =

π

128η
Ps

D4

L

G =
π

128η
Ps

D4

L
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Pro vzduch, T = 293 K , M0 = 29

G = 1358Ps
D4

L
[m3s−1]

pro jiný plyn a teplotu T = 293 K

Gx = Gvz

d2
0(x)

d2
0(vz)

√
M0(vz)

M0(x)
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3

3J. Groszkowski: Technika vysokého vakua, SNTL, Praha 1981
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Vakuová vodivost ohybu (kolena)

V prvńım p̌ribĺıžeńı použijeme aproximaci trubićı s délkou rovnou osové
délce oblouku (kolena).

Los < Lef < Los + 1.33× D
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4

R = RD1 + RL1 + RD1/2 + RL2 + RD2/3 + RL3

4J. Groszkowski: Technika vysokého vakua, SNTL, Praha 1981
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Určeńı vodivosti vakuového prvku

• výpočtem

• simulaćı - metoda Monte-Carlo

• mě̌reńım

Vakuová fyzika 1 36 / 54



Výpočtem

pro molekulárńı prouděńı:

G = a
va
4
A

• a - pravděpodobnost

• A - plocha otvoru
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5

5F.OHanlon: A Users Gaude to Vacuum Technology, Wiley (2003)
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6

6F.OHanlon: A Users Gaude to Vacuum Technology, Wiley (2003)
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7

7F.OHanlon: A Users Gaude to Vacuum Technology, Wiley (2003)
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Simulaćı - metoda Monte-Carlo

8

8F.OHanlon: A Users Gaude to Vacuum Technology, Wiley (2003)
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Mě̌reńı vodivosti trubice

9

9J. Groszkowski: Technika vysokého vakua, SNTL, Praha 1981
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10

10F.OHanlon: A Users Gaude to Vacuum Technology, Wiley (2003)
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Porovnáńı: simulace - bod, experiment - x, výpočet 11

11F.OHanlon: A Users Gaude to Vacuum Technology, Wiley (2003)
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Čerpaćı rychlost

Čerpaćı rychlost́ı se rozuḿı množstv́ı plynu, odčerpaného vývěvou z daného
prostoru za jednotku času p̌ri daném tlaku.

S = −dV

dt

pV = (p − dp)(V + dV )⇒ p
dV

dt
= V

dp

dt

S = −dV

dt
= −V

p

dp

dt
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−dp

dt
=

S

V
p

označme p0 mezńı tlak

−dp

dt
=

S

V
(p − p0)

ln(p − p0) = − S

V
t + konst, pro t = 0 s, p = p1

konst = ln(p1 − p0)⇒ ln

(
p − p0
p1 − p0

)
= − S

V
t

p − p0 = (p1 − p0)e(− S
V
t)
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pro p0 � p1
p = p0 + p1e

(− S
V
t)

tento vztah udává hodnotu tlaku v čase t pro S=konst
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Pr̊uměrná čerpaćı rychlost
v čase od t1 do t2

ln

(
p − p0
p1 − p0

)
= − S

V
t

St2−t1 =
V

t2 − t1
ln

(
pt1 − p0
pt2 − p0

)

pro p0 � pt1 a p0 � pt2 ⇒ St2−t1 =
V

t2 − t1
ln

(
pt1
pt2

)
doba poťrebná k sńıžeńı tlaku z pt1 na pt2 , p̌ri konstantńı čerpaćı rychlosti
S

t = t2 − t1 =
V

S
ln

(
pt1
pt2

)
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Okamžitá čerpaćı rychlost

−dp

dt
=

S

V
(p − p0)

−dp

dt
=

S

V

(
1− p0

p

)
p =

Sp
V

p

Sp = S

(
1− p0

p

)
je okamžitá čerpaćı rychlost p̌ri tlaku p.

V čase t = 0 s a p̌ri p � p0 je Sp ≈ S
V čase t →∞, p = p0 je Sp = 0 m3s−1

Vakuová fyzika 1 49 / 54



Mě̌reńı čerpaćı rychlosti

• Metoda stálého objemu

• Metoda stálého tlaku

• Metoda stálého množstv́ı plynu
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Metoda stálého objemu

Je založena na mě̌reńı závislosti p = f (t) pro V = konst

St2−t1 =
V

t2 − t1
ln

(
pt1 − p0
pt2 − p0

)
plat́ı pokud mohu zanedbat desorbci plynu ze stěn
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Metoda stálého tlaku
Je založena na mě̌reńı proudu plynu na vstupu do vývěvy p̌ri daném tlaku

S =
I

p
, S =

I

p − p0

12
12J. Groszkowski: Technika vysokého vakua, SNTL, Praha 1981
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13

13F.OHanlon: A Users Gaude to Vacuum Technology, Wiley (2003)
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Metoda stálého množstv́ı plynu

Plyn cirkuluje v uzav̌reném okruhu

I = G (P2 − P1) = P1S ⇒ S = G

(
P2

P1
− 1

)
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