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FCC Cryogenic system
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Specification of the process pipes of 

tunnel distribution line of FCC
Header Function DN 

mm

Nom. 

T 

K

Nom. 

PN

bar

Design 

PD

bar

Test 

PT

bar

Header B Pumping line 250 4 0.5 4 6

Header C SHe supply 80 4.6 3 20 29

Header D

Quench line and 

current lead He 

supply

200 40 1.3 20 29

Header E

Thermal shield 

and beam screen 

He supply

240 40
20 

(50)

20 

(50)

29 

(71.5)

Header F

Thermal shield 

and beam screen 

He return

240 60
15 

(45)

20 

(50)

29 

(71.5)

Vacuum 

jacket

Insulation vaccum 

enclosure
850 300 0 0 -1.05 1.5

F
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ED
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Scheme of the transfer line with stainless 

steel process pipes

Vacuum barrier / 

Strong fixed 

support

Compensation 
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Transfer line compensation and 

internal support system 

The forces from pressure and thermal shrinkage

Determination of the distance between supports

L1= 3·DN – for axial expansion joints

L2=0.5·LF

LF - depends on the accepted deflection and the 

risk of pipe buckling

FP=A·P - the highest value for 

the pressure test

FNP=FP-FTS – for nominal 

parameters

FTS= ΔL·cδ – depends on 

nominal temperature



Transfer line compensation and 

internal support system

The forces from pressure and thermal shrinkage

Determination of the distance between supports

L1= 3·DN – for axial expansion joints

L2=0.5·LF

LF - depends on the accepted deflection and the 

risk of pipe buckling

FP=A·P - the highest value for 

the pressure test

FNP=FP-FTS – for nominal 

parameters

FTS= ΔL·cδ – depends on 

nominal temperature

The most critical - determines the 

dimensions of the strong fixed  support

Increases the number of sliding supports



Mechanical loads on the vacuum 

barriers

2δ A cδ cα cλ

Nom.

P

Design 

P

Test

P
ΔL Prestr. FP FΔL FNP FP20bar FP50bar

mm cm2 N/mm N/deg N/mm bar bar bar mm mm kN kN kN kN kN

DN80 42 92.5 222 5.7 227 3 20 28.6 37.5 20 -2.8 3.9 1.1 -26 -26

DN200 52 443 428 53 1722 1.3 20 28.6 37.5 20 -5.8 7.5 1.7 -127 -127

DN240F 79 679 390 74 1245
20

(50)

20

(50)

28.6

(71.5)
37.5 20 -135.8 6.8 -129.0 -194 -485,5

DN240R 79 679 390 74 1245
15

(45)

20

(50)

28.6

(71.5)
37.5 20 -101.9 6.8 -95.0 -194 -485,5

DN250 79 695 370 78 1350 0.5 4 5.72 37.5 20 -3.5 6.5 3.0 -40 -40

Parameters of bellows Parameters of process pipes Determination of forces

The proposal of design
Σ 581 kN Σ 1163 kN !

Vacuum barrier / 

Strong fixed support
Compensation 

bellows
Weak fixed support Sliding support

Cross section



Heat transfer thought the internal 

supports

Radiation shield 

sliding support
Weak fixed support x 3Sliding support x 12Vacuum barrier x 2

QVB 20bar

W

QVB 50bar

W

QSS 

W

QWFS

W

DN80 0.2 0.3 0.33 0.07

DN200 1.28 1.45 0.03 0.1

DN240 F 1.41 2.13 0.03 0.1

DN240 R 33.71 39.65 -0.63 7.9

DN250 1.21 1.53 0.24 0.5

QRSSS 

W

DN240 R 3.1

x 20
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INVAR vs. stainless steel - comparison 

of material properties

Young's Modulus

Linear expansion
Material Units

Invar 

36

304 

Stainless 

Steel

Density g/cm3 8.05 8.00

Young’s Modulus GPa 141 193

Poisson’s Ratio - 0.26 0.27

Yleld Strength MPa 248 230-260

Thermal Expansion 

Coefficient
x10-6K-1 1 14.7

Thermal Conductivity W/m K 10.4 16.2

Specific Heat J/kg K 515 500

Specific Stiffness - 17.5 24.1

Thermal Diffusivity
10-6

m2/s
2.6 4.1

Thermal Distortion 

(Steady State)
µm/W 0.10 0.91

Thermal Distortion 

(Transient)
s/m2K 0.38 3.68



Mechanical loads on the vacuum 

barriers for INVAR process pipes

50 m
4.2 m

Determination of the distance between supports on the basis of process pipes 

permissible deflection f = 3 mm

Determination of forces on the vacuum barriers based on Hooke's law

i – number of process pipe

L

l
AEF




A – cross section of process pipe

E - Young's Modulus

δl – thermal shrinkage 

L - distance between the vacuum

barriers

T δ l L A E F

K mm m mm2 GPa kN

DN80 4.6 20 50 546 141.7 30.94

DN200 40 20 50 1836 141.7 104.0

DN240 F 40 20 50 2384 141.7 135.1

DN240 R 60 20 50 2384 140.8 134.3

DN250 4 20 50 1703 141.7 96.5

Σ 501 kNThe forces acting of the supports slightly dependent on the preassure



Heat transfer thought the internal 

supports for INVAR process pipes

Radiation shield 

sliding support
Sliding support x 11Vacuum barrier x 2

QVB

W

QSS 

W

DN80 0.19 0.33

DN200 1.21 0.03

DN240 F 1.33 0.03

DN240 R 27.42 -0.63

DN250 1.17 0.24

QRSSS 

W

DN240 R 3.1
• lighter construction of the vacuum

barrier 

• sliding supports structure is the same 

as for steinless steel pipes

x 20
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Comparison of the supports system

and heat fluxes

T QSTELL 

20bar

QSTELL 

50bar

QINV

K W W W

DN80 4.6 4.6 4.6 4.0

DN200 40 3.2 3.7 2.8

DN240 F 40 3.5 4.9 3.0

DN240 R 60 146 158 110

DN250 4 6.8 7.4 5.0

Number 

of VB

Number 

of WFS

Number 

of SS

Number 

of SSRS

Number 

of welds

Number 

of bellows

Stainless steel 2 3 12 20 80 20

INVAR 2 0 11 20 25 0



Comparison of cumulative failure rates

HERA 

West

Stainless steel 

Defect Failure rate Ref

FR1 Cold weld rupture 2.5310-7  m-1year -1 [1]

FR2 Cold pipe leakage 4.6110-6  m-1year -1 [2]

FR3 Cold pipe rupture 4.5410-7  m-1year -1 [2]

FR4 Cold bellows rupture 8.7610-5 year -1 [3]

Probabilities of defect occurrence (failure rates) of the most common process pipes  defects

INVAR

Defect Failure rate 

FR1 Cold weld rupture 5.0610-7  m-1year -1

FR2 Cold pipe leakage 4.6110-6  m-1year -1

FR3 Cold pipe rupture 4.5410-7  m-1year -1

1. Cadwallader L.C.. Cryogenic System Operating Review for Fusion Application. Idaho National Engineering Laboratory. USA. 1992

2. Failure Frequency Guidance. Process Equipment Leak Frequency Data for Use in QRA. 

http://www.dnv.com/services/software/products/phast_safeti/safeti/leak_frequency_guidance.asp

3. Cadwallader L. Vacuum Bellows. Vacuum Piping. Cryogenic Break and Copper Joint Failure Rate Estimates for ITER Design Use. Idaho National

Laboratory. USA. 2010

Calculation of cumulative failure rate CFR

CFR1 = FR1·LW LW - length of welds

CFR2 = FR2·LP LW - length of pipe

CFR3 = FR3·LP

CFR4 = FR4·n     n - the number of bellows



Comparison of cumulative failure rates

HERA 

West

Circuit of 

pipe

Length of 

pipe

Number

of welds

Length of 

welds

Number

of 

bellows

CFR1 CFR2 CFR3 CFR4 CFR

m m - m - 1/yer 1/yer 1/yer 1/yer 1/yer

DN80 0.279 50 16 14.0 4.0 2.3E-06 2.3E-04 2.3E-05 3.5E-04 6.1E-04

DN200 0.688 50 16 34.4 4.0 5.6E-06 2.3E-04 2.3E-05 3.5E-04 6.1E-04

DN240F 0.804 50 16 40.2 4.0 6.5E-06 2.3E-04 2.3E-05 3.5E-04 6.1E-04

DN240R 0.804 50 16 40.2 4.0 6.5E-06 2.3E-04 2.3E-05 3.5E-04 6.1E-04

DN250 0.858 50 16 42.9 4.0 6.9E-06 2.3E-04 2.3E-05 3.5E-04 6.1E-04

Calculation of cumulative failure rate for stainless steel 

Σ 3.0E-3 1/yer

Circuit of 

pipe

Length of 

pipe

Number of 

welds

Length of 

welds
CFR1 CFR2 CFR3 CFR

m m - m 1/yer 1/yer 1/yer 1/yer

DN80 0.279 50 5 1.40 7.1E-07 2.3E-04 2.3E-05 2.5E-04

DN200 0.688 50 5 3.44 1.7E-06 2.3E-04 2.3E-05 2.5E-04

DN240F 0.804 50 5 4.02 2.0E-06 2.3E-04 2.3E-05 2.6E-04

DN240R 0.804 50 5 4.02 2.0E-06 2.3E-04 2.3E-05 2.6E-04

DN250 0.858 50 5 4.29 2.2E-06 2.3E-04 2.3E-05 2.6E-04

Calculation of cumulative failure rate for INVAR process pipes 

Σ 1.3E-3 1/yer
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Summary

INVAR Stainless steel 

• Less types and numbers of 

supports

• Lower heat fluxes

• No compensation bellows

• Lower numbers of welds

• Lower forces on the 

vacuum barriers

• Lower probability of 

failure

• Conventional design

• A well-known method of 

welding

• Pipes are commonly 

available 

Using of invar process pipes seems to be very 

attractive alternative for FCC
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