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 Pipe Characteristics: Described in the note. 
 

Relief Valve Information:  System relief valves are located in adjoining devices.  The 
required relief capacities for each circuit are included and compared to the available 
capacity of each relief valve. 
 
System Documentation 
 
Process and Instrumentation diagram appended? Yes.  Schematic 5520.320-ME-458097 
included. 
 
Process and Instrumentation component list appended?  Not applicable, see detail 
drawings. 
 
Is an operating procedure necessary for safe operation? No 
If ‘yes’, procedure must be appended. 
 

Exceptional Piping System 
 
Is the piping system or any part of it in the above category? Yes / No 
If “Yes”, follow the requirements for an extended engineering note for Exceptional 
Piping Systems. 
 

Quality Assurance 
 
List vendor(s) for assemblies welded/brazed off site: E. ZANON 
 
List welder(s) for assemblies welded/brazed in-house: 
 
Append welder qualification records for in-house welded/brazed assemblies. 
 
Append all quality verification records required by the identified code (e.g. examiner's 
certification, inspector's certification, test records, etc.) 
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1. Introduction 
 
As part of an agreement between FNAL and DESY, a cryomodule "kit" was put together 
jointly by DESY and INFN-Milano and shipped to FNAL in July, 2007.  The kit included 
the vacuum vessel and cold mass assemblies, as well as eight individual 1.3-GHz dressed 
cavities.  The cryomodule was assembled at Fermilab by FNAL personnel assisted by 
DESY personnel.  This cryomodule was named Cryomodule 1, or CM1.  Now completed, 
CM1 resides at its final location at the Beam Enclosure in the New Muon Lab (NML) in 
preparation for the commissioning of that facility 
 
Pipe sizes, end configurations, positions, materials, design pressures and temperatures are 
specified by DESY. This document demonstrates that the components supplied are 
suitable for Fermilab’s specified pressure and temperature conditions and that code-
required quality assurance has been performed. 
 
All piping components described in this document are as specified in the design of the 
cryomodule as it was supplied from DESY (ZANON, Italy).  The final welds, including 
procedures, weld and welder qualifications, examination, and acceptance tests are not 
included in this engineering note and are not available.  Because of this lack of 
documentation, the piping note will require a Director’s exception.  However, 
calculations will show that all of the components are safe and operated below their 
respective allowable working pressures. 
 
 
2. Piping Overview 
 
Figure 1 shows an end view of the cryomodule and identifies the nine different piping 
assemblies.  Table 1 summarizes each system’s pipe size, material, and operating 
conditions as specified by DESY.  The labels in Figure 1 are the same as Table 1. Figures 
2 and 3 show isometric views of the pipe weldments interior to the cryomodule. Piping 
drawings, supplied by Desy and INFN are shown in Appendix A.2. Support documents 
for the piping systems produced by Zanon are located in Appendix A.3.   Several DESY 
production documents are located in Appendix A.4. 
 
 
 
 2.1 Summary discussion about a Director's exception 
 
This piping note requires a Director's exception due to several B31.3 Code and Fermilab 
ES&H Chapter 5031 violations.  In particular Line G, the 2-Phase Helium Supply circuit, 
is lacking the required documentation such as material certifications, welding procedures, 
welding qualifications, examination records as well as a pressure test.  Note that this 
information is included for the other circuits but is not available for Line G.  Since CM1 
was designed and built jointly be DESY and INFN-Milano, outside of direct FNAL 
oversight, many of the required documents were not available when CM1 was delivered 
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to Fermilab.  However, the calculations show that these components are safe and well 
under the allowable working pressure. Due concern about mechanically overloading to 
the tuner/piezo mechanism in the cryomodule, there is no plan to do an overall pressure 
test for 2-phase system. A mass spectrometer test was successfully performed. 
 
 
 

Table  – Areas of Exceptions to the Code 
Item Figure Explanation How the system is safe 
2-phase Helium Pipe 
(Line G) 

Figure 1 No supporting 
documents exist 

Calculation show that 
components are within 
allowable working 
pressure. 

Pressure test (line G) Figure 1 No pressure test 
is performed 

Leak test result shown 
that system is safe. 
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Figure 1 – Cryomodule 1 Section View 

 
 
Table 1 – Cryomodule 1 Lines Summary 

Cryo
genic 
Line  

Line Name 
Drawing 
Number 

Pipe dimensions, material 
Design 

Pressure 
Design 
Temp.

A 
1.8K Helium 
supply pipe 

DESY 
1_06_8205

_0_200 

48.3 mm-OD, 1.65 mm-Wall  pipe, 
ASTM A312 TP 316L 

4 bar 1.8K 

B 
Helium Gas 
Return with 
Compensator  

* 
312.0 mm-OD, 6.00 mm-Wall  pipe, 
ASTM A240 316L 

4 bar 1.8K 

C 
4.5K Thermal 
Shield supply  

DESY 
1_06_8205

_0_200 

60.3 mm-OD, 2.76 mm-Wall  pipe, 
ASTM A312 TP 316L 

7 bar 4.2K 

D 
4.5K Thermal 
Shield return  

DESY 
0_06_8205

_0_150 

60.0 mm-OD, 5.00 mm-Wall  pipe, 
Aluminum 6060 T5  

7 bar 4.2K 

E 
70K Thermal 
Shield supply 

TTF –
CRY3-

04.01.00 

60.3 mm-OD, 2.76 mm-Wall  pipe, 
ASTM A312 TP 316L 

18 bar 77K 
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F 
70K Thermal 
Shield return 

DESY 
0_06_8205

_0_170 

60.0 mm-OD, 5.00 mm-Wall  pipe, 
Aluminum 6060 T5 

18 bar 77K 

G 
2-Phase He 
Pipe Weld 
 

** 
76.1 mm-OD, 2.00mm Wall, bellows, 
CF100 flange, all titanium, grade 2 

4 bar 1.8K 

H 
Warmup/Cool
down 

DESY 
1_06_8205

_0_210 

Tubes: 42.2 mm-OD,1.65mm-Wall; 10.2 
mm-OD, 2.6mm-Wall; 5.0 mm-OD, 1.0 
mm-Wall ASTM  A312 TP316L with 
CDA15 CF Flange AISI 316L 

4 bar 1.8K 

 
*   - DESY 0_06_8205_0_110, DESY 2_99_9101/A.000, and Figure 6 
** - DESY 1_98_8427/A.200, DESY 2_06_8205_F_000 
 
  

 
Figure 2 – Pipe weldments interior to the crymodule 

 

 
Figure 3 – Pipe weldments interior to the crymodule 
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All components within the cryomodule fall within the scope of ASME B31.3 Normal 
fluid service.  Piping systems fabricated per B31.3 require verification of weld and 
welder qualifications, post-fabrication examination, and leak test.  Table  A.1.2 in 
Appendix A.1.  summarizes the documentation that is appended to the note. 
 

 
3. Pipeline Details Analyses. 
 
3.1 Cryogenic Line A – 1.8K Helium supply pipe 
 

1.8K Helium supply pipe material: ASTM A312 TP316L, pipe dimension and 
drawing number see in Table1. 
This pipe passes directly through the cryomodule. It is a straight section of pipe. The 
1.8K Helium supply pipe is supported by a rigid connection at the middle with several 
sliding supports at both ends. Bellows are attached at each end as well but are included in 
the CM-1 interconnect piping note and not analyzed here.  For this reason, no thermal 
stresses result during cool-down.   

According 304.1, Ref. 3 (ASME B31.3-2008) for 
6

D
t  , 

)(584.05.0084.0 mmctt A
m  - the required thickness of pipe. 

 
Where: 
 
c= the sum of the mechanical allowances plus corrosion or erosion allowances, according 
304.1.1, Ref. 3: c=0.5(mm) =.02(in) 
 

  )(084.0)(10*3.3
)4.0*058.01*7.16(*2

902.1058.0

2
3 mmin

YPES

DP
tt A 








  , 

 
At  = pressure design Line A pipe thickness. 

P= internal design pressure. P=4(bar) = 0.058(Ksi) 
D= outer diameter of pipe. D=48.3(mm) =1.902(in) 
S= stress value for pipe material, according Tab.A-1, page 158, S= 16.7 (Ksi) 
E= quality factor, according Tab. A-1B, page 196, E=1.0 
Y= coefficient, according Tab.304.1.1, Y=0.4 

)(65.1 mmt A
n  -thickness of pipe -Line A. 

Pr= 81 bar, pressure Rating, according formula Ref. 3 and real pipe wall thickness. 
Capacity factor: 20Pr/ P (satisfactory) 
 
The manufacturer (E.ZENON, Italy) material qualification, weldment and pressure test 
documents from see in Appendix A1. 
 

Table 2 summarizes the pipe geometry, design pressure, and pressure rating 
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Table 2 

Name 
Drawing 
Number 

Description 
Design 

Pressure 
Pipe 

Rating 
Capacity 

factor 
1.8K Helium 
supply pipe 

See Tab. 1 
48.3 mm-OD, 1.65 mm-Wall  
pipe, ASTM A312 TP 316L 

4 bar 81 bar 20 

 
 
3.2 Cryogenic Line B - Helium Gas Return Pipe 
 

The Helium Gas Return Pipe material: ASTM A240 316L, pipe dimension and 
drawing number see in Table1. 

According 304.1, Ref. 3 (ASME B31.3-2004) for  
6

D
t  , 

)(176.15.0675.0 mmctt B
m  - the required thickness of pipe. 

Where: 
 
c=0.5(mm) =.02(in) 

  mmin
YPES

DP
tt B 676.010*6.26

)4.0*058.08.0*7.16(*2

28.12058.0

2
3 








  , 

Bt  pressure design Line B pipe thickness. 
P=4(bar) = 0.058(Ksi) 
D=312(mm) =12.28(in) 
S= 16.7 (Ksi), according Tab.A-1, page 158 
E= 0.8, according Tab. A-1B, page 192 
Y= 0.4, according Tab.304.1.1 

)(0.6 mmt B
n  -thickness of pipe -Line B. 

Pr= 36 bar, pressure Rating, according formula Ref. 3 and real pipe wall thickness. 
Capacity factor: 0.9Pr/ P (satisfactory) 
 

In addition to carrying helium boil-off gas, the pipe also serves as the strong back 
to the cold mass support system.  Supports and mounts for 1.3 GHz cavities are welded to 
the exterior of the pipe (see Figure 4). The pipe is supported by a rigid connection at the 
middle and roller bearings and bellows at both ends.  For this reason, no thermal stresses 
result during cool-down.  Note that the downstream bellows is part of the CM-1 
interconnect piping note and not analyzed here.  A hand calculation of the effect of the 
load of the cavity string, which is supported from this pipe, is included below. Very 
conservative assumptions are used to simplify the calculation. 
 

 
Figure 4 – HGR pipe with Cavity load. 
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q= uniform Load per HGR pipe, q= 4250/387.6(lb/inch) =10.96(lb/in) 
 

 
Figure 5 – HGR pipe evaluation model. 

 
According Reference 5, page225 maximum stress: 

)(4.1129
*

*
128

9
psi

Z

LW
  

 
Where: 
W=load on the beam, W=q*L=10.96*196.6=2155.3(lb) 
L= distance between beam supports, L=4995(mm) =196.6(in) 

Z=section modulus of the cross-section of beam, 3
44

38.26*098.0 in
D

dD

y

I
Z 


 , 

(Reference 5, page 191) 
D=pipe OD, D=312 (mm) =12.28(in) 
D=pipe ID, d=300(mm) =11.81(in) 
Capacity factor: 8.141294.1/7.16/ S (satisfactory) 
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Figure 6 -Helium Gas Return Pipe, according E. Zanon documentation 

 
Compensator He Gas return Pipe and HGR pipe End Ring are welded to each pipe 

end (see Figure 6). The pipe ends are machined before welding with end flanges. 
Production and manufacturer pressure test documents are located in Table A.1.2-
Appendix A.1 and Appendix A3 & A4.   

 
Table 3 summarizes the pipe geometry, design pressure, and pressure rating. 

 
Table 3 

Name 
Drawing 
Number 

Description 
Design 

Pressure 
Pipe 

Rating 
Capacity 
Factor 

Helium Gas Return 
Pipe 

See Tab. 1  
312.0 mm-OD, 6.00 mm-Wall  
pipe, ASTM A240 316L 

4 bar 36 bar 9.0 
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3.3 Cryogenic Lines C, D, E and F–Thermal Shields 4.5K and 70K 
 

These pipes are connected to the 70K and 4.5K thermal shields. There are two 
aluminum return pipe extrusions with similar construction: 60.0 mm-OD, 5.00 mm-Wall  
pipe, Aluminum 6060 T5, joined to 316L stainless steel pipes, 60.3 mm-OD, 2.76mm-
wall through a bimetallic coupler.  The aluminum pipes are “finger” welded to the 
aluminum thermal shields, Figure 7 and 8.  Therefore, no thermal stress, axial loads result 
when cold because of the matched coefficient of thermal expansion of the clamped 
members.  

 

 Figure 7 – 4.5K aluminum shield with cryogenic lines E (4.5K supply pipe) and F (4,5K return line, 
bimetallic coupler). 

 

 
Figure 8 – 70K aluminum shield with cryogenic lines C (70K supply pipe) and D (70K return line,  
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 bimetallic coupler). 
 
 
3.3.1 Cryogenic Line C – 4.5K Thermal Shield supply pipe 
 

4.5K Helium supply pipe material: ASTM A312 TP316L, pipe dimension and 
drawing number see in Table1 and Figure 6. 
This pipe passes directly through the cryomodule. It is a straight section of pipe. The 
4.5K Thermal shield supply pipe is supported by a rigid connection in the middle and 
several sliding supports at each end. Bellows are installed at each end as well but are 
analyzed in the CM-1 interconnect piping note and not here.  For this reason, no thermal 
stresses result during cool-down. 

According 304.1, Ref. 3 (ASME B31.3-2004) for 
6

D
t  , 

)(683.05.0183.0 mmcttC
m  - the required thickness of pipe. 

 
 
Where: 
 
c=0.5(mm) =.02(in) 

  )(183.0)(10*22.7
)4.0*102.01*7.16(*2

37.2102.0

2
3 mmin

YPES

DP
tt C 








  , 

 
Ct  = pressure design Line C pipe thickness. 

P=7(bar) = 0.102(Ksi) 
D=60.3(mm) =2.37(in) 
S= 16.7 (Ksi), according Tab.A-1, page 158 
E=1.0, according Tab. A-1B, page 192 
Y= coefficient, according Tab.304.1.1, Y=0.4 

)(76.2 mmtC
n  -thickness of pipe -Line C 

Pr= 109 bar, pressure Rating, according formula Ref. 3 and real pipe wall thickness. 
Capacity factor: 16Pr/ P (satisfactory) 
 
3.3.2 Cryogenic Line D – 4.5K Thermal Shield return pipe 
 

4.5K Helium supply pipe material: Aluminum 6060 T5 (the American equivalent: 
Aluminum 6063 T5), pipe dimension and drawing number see in Table1 and Figure 6. 
This pipe passes directly through the cryomodule. It is a straight section of pipe. 

According 304.1, Ref. 3 (ASME B31.3-2004) for 
6

D
t  , 

)(03.15.053.0 mmctt D
m  - the required thickness of pipe. 

 
Where: 
 
c=0.5(mm) =.02(in) 
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  )(53.0)(10*21
)4.0*102.01*7.5(*2

36.2102.0

2
3 mmin

YPES

DP
tt D 








  , 

 
Dt  = pressure design Line D pipe thickness. 

P=7(bar) = 0.102(Ksi) 
D=60.0(mm) =2.36(in) 
S= 5.7 (Ksi), according Tab.A-1, page 185 
E=1.0, according Tab. A-1B, page 193 
Y=0.4, according Tab.304.1.1,page 18 

)(0.5 mmt D
n  - thickness of pipe -Line D. 

Pr= 70.2 bar, pressure Rating, according formula Ref. 3 and real pipe wall thickness. 
Capacity factor: 10Pr/ P (satisfactory)\ 
 
3.3.3 Cryogenic Line E – 70K Thermal Shield supply pipe 
 

70K Helium supply pipe material: ASTM A312 TP316L, pipe dimension and 
drawing number see in Table1 and Figure 7. 
This pipe passes directly through the cryomodule. It is a straight section of pipe. The 70K 
Thermal shield supply pipe is supported by a rigid connection in the middle with several 
sliding supports at the each end. As in the other circuits, bellows are attached at each end 
but are not part of this piping note.  For this reason, no thermal stresses result during 
cool-down. 
 

According 304.1, Ref. 3 (ASME B31.3-2004) for  
6

D
t  , 

)(97.05.047.0 mmctt E
m  - the required thickness of pipe. 

 
Where: 

 
c=0.5(mm) =.02(in) 

  )(47.0)(10*0.18
)4.0*26.01*7.16(*2

37.226.0

2
3 mmin

YPES

DP
tt E 








  , 

 
Et  = pressure design Line E pipe thickness. 

P=18(bar) = 0.26(Ksi) 
D=60.3(mm) =2.37(in) 
S= 16.7 (Ksi), according Tab.A-1, page 158 
E=1.0, according Tab. A-1B, page 192 
Y=0.4, according Tab.304.1.1,page 18 

)(76.2 mmt E
n  - thickness of pipe -Line E. 

Pr= 109 bar, pressure Rating, according formula Ref. 3 and real pipe wall thickness. 
Capacity factor: 0.6Pr/ P (satisfactory) 
 
3.3.4 Cryogenic Line F – 70K Thermal Shield return pipe 
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70K Helium supply pipe material: Aluminum 6060 T5 (the American equivalent: 
Aluminum 6063 T5), pipe dimension and drawing number see in Table1 and Figure 6. 
This pipe passes directly through the cryomodule. It is a straight section of pipe. 

According 304.1, Ref. 3 (ASME B31.3-2004) for 
6

D
t  , 

)(85.15.035.1 mmctt F
m  - the required thickness of pipe. 

 
Where: 
 
c=0.5(mm) =.02(in) 

  )(35.1)(10*53
)4.0*26.01*7.5(*2

37.226.0

2
3 mmin

YPES

DP
tt F 








  , 

 
Ft  = pressure design Line F pipe thickness. 

P=18(bar) = 0.26(Ksi) 
D=60.0(mm) =2.36(in) 
S= 5.7 (Ksi), according Tab.A-1, page 185 
E=1.0, according Tab. A-1B, page 193 
Y=0.4, according Tab.304.1.1, page 18 

)(0.5 mmt F
n  - thickness of pipe -Line F. 

Pr= 98 bar, pressure Rating, according formula Ref. 3 and real pipe wall thickness. 
Capacity factor: 5.5Pr/ P (satisfactory) 
 
Table 4 summarizes the pipes geometry, design pressure, and pressure rating for Lines C, 
D, E and F. 
 
Table 4 

Name 
Drawing 
Number 

Description 
Design 

Pressure 
Pipe 

Rating 
Capacity 
Factor 

4.5K Thermal 
Shield supply pipe 

See Tab. 1 
60.3 mm-OD, 2.76 mm-Wall  
pipe, ASTM A312 TP 316L 

7 bar 109 bar 16 

4.5K Thermal 
Shield return pipe 

See Tab. 1 
60.0 mm-OD, 5.00 mm-Wall  
pipe, Aluminum 6065 T5 

7 bar 98 bar 14 

4.5K Bimetallic 
Coupler 

- 
DIA 60.0 x 5 (mm)-Al 5083 
DIA 60.3 x 2.76 (mm)-316L 

7 bar 75 bar*  

70K Thermal 
Shield supply pipe 

See Tab. 1 
60.3 mm-OD, 2.76 mm-Wall  
pipe, ASTM A312 TP 316L 

18 bar 89 bar 4.9 

70K Thermal 
Shield return pipe 

See Tab. 1 
60.0 mm-OD, 5.00 mm-Wall  
pipe, Aluminum 6065 T5 

18 bar 98 bar 5.5 

70K Bimetallic 
Coupler 

- 
DIA 60.0 x 5 (mm)-Al 5083 
DIA 60.3 x 2.76 (mm)-316L 

18 bar 75 bar*  

 
Production and manufacturer pressure test documents are located in Table A.1.2-
Appendix A.1 and Appendix A3 & A4. 
 
* The bimetallic (316L SS and 5083 Aluminum) joint is a commercially purchased item, 
where 5083 grade aluminum is readily welded to 6060 T5 pipe.  The manufacturer 
drawing is in Appendix A2, pressure test to 75 bar, pressure test certificate is in 
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Appendix A3. Aluminum/stainless steel transition joints are not a Piping Code standard 
component, but we have extensive operating service experience with them. According to 
Tom Nicol, Fermilab engineer, couplers fabricated by the same vendor and with the same 
design (smaller diameter) have successful service experience in the 50-70K shield supply 
& return lines (operating pressure 19.5 bar) of all LHC magnets at CERN. (Fermilab 
designed and built LHC IRQ magnets, while the other magnet types, which use the same 
coupler, are fabricated by others in the collaboration.) 
 
Butt joint weld preparations are as per the code. All weldments passed pneumatic leak 
test at 110% of design pressure.  All supporting records identified in Table 2 are included 
in the Appendix A.3. 
 
 
3.4 Cryogenic Line G – 2 Phase pipe 
 
This pipe passes through the cryomodule 1. The 2-Phase pipe has eight straight sections, 
one for each of the eight cavity helium vessels and multiple welded miter sections for 
connection to the magnet. For cryomodule 1 a “dummy” magnet is installed which is not 
connected to the 2-Phase pipe. Titanium bellows connect the straight and mitered 
sections together. The straight sections are thermally connected to each of the eight RF 
input couplers on the cavity. 
 
 

 
Figure 9– 2-Phase He lines G 

 
2-Phase Helium pipe material: Titanium Gr.2, pipe dimension and drawing number are in 
Table1 and Figure 8. Titanium piping is specified here because it is welded to the 
titanium helium vessel that surrounds the RF cavity.  Titanium is used there because its 
thermal expansion characteristics match well with the niobium of the cavity and niobium 
and titanium are readily welded to each other.   

 
3.4.1 (Cavity He Vessel) 2-Phase He Pipe.  
 
That is a straight section of pipe. 
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According 304.1, Ref. 3 (ASME B31.3-2004) for 
6

D
t  , 

)(655.05.0155.01 mmcttG
m  - the required thickness of pipe (for pipe 76.1 x 2.0mm). 

 
Where: 
 
c=0.5(mm) =.02(in) 

  )(155.0)(10*1.6
)4.0*058.085.0*7.16(*2

3058.0

2
31 mmin

YPES

DP
tt G 








  , 

 
1Gt  = pressure design Line E straight pipe thickness. 

P=4(bar) = 0.058(Ksi) 
D=76.1(mm) =3.0(in) 
S= 16.7 (Ksi), according Tab.A-1, page 182 
E=0.85, according Tab. A-1B, page 193 
Y=0.4, according Tab.304.1.1, page 18 

)(0.2 mmtG
n   - thickness of pipe -Line G 

Pr= 52 bar, pressure Rating, according formula Ref. 3 and real pipe wall thickness. 
Capacity factor: 13Pr/ P (satisfactory) 
 
 
 

)(623.05.0123.01 mmcttG
m  - the required thickness of branch (nozzle) pipe (60.3 x 

2.7mm). 
 
Where: 
 
c=0.5(mm) =.02(in) 

  )(123.0)(10*8.4
)4.0*058.085.0*7.16(*2

362.2058.0

2
31 mmin

YPES

DP
tt G 








  , 

 
1Gt  = pressure design Line E straight pipe thickness. 

P=4(bar) = 0.058(Ksi) 
D=63.7(mm) =2.362(in) 
S= 16.7 (Ksi), according Tab.A-1, page 182 
E=0.85, according Tab. A-1B, page 193 
Y=0.4, according Tab.304.1.1, page 18 

)(7.2 mmtG
n   - thickness of pipe -Line G 

Pr= 92 bar, pressure Rating, according formula Ref. 3 and real pipe wall thickness. 
Capacity factor: 23Pr/ P (satisfactory) 
 
According 304.3, Ref. 3 (ASME B31.3-2004) reinforcement of welded branch 
connection under internal pressure: 
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)2^(61.9)2^(0149.)sin2(11 mmindtA h   -required reinforcement Area 

 
Where: 
 

)(152.0)(006. mminth  -required wall thickness of run pipe 
)(8.55)(2.21 mmind  -effective length removed from pipe at branch 

)deg(90 Beta -smaller angle between axes of branch and run 
 

)2^(93.9)2^(0154.)()*2( 122 mminctTddA hh  -the Area resulting from excess 

thickness in the run pipe wall 
 
Where: 
 

)(9.27)(1.12 mmind  -“half width” of reinforcement zone, or 
)(75.31)(25.12/)()( 12 mmindcTcTd hb  , take greater. 

 
)(0.2)(079. mminTh  -wall thickness of run pipe 
)(5.0)(0197.0 mminc  -sum of mechanical allowances plus corrosion and erosion 

allowances 
 

)2^(42.17)2^(027.sin/)(*2 43 mminctTLA bb   -the Area resulting from excess 

thickness in the branch pipe wall 
 
Where: 
 

)(75.3)(1476.)(*5.24 mmincTL h  -height of reinforcement zone, or 
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)(75.3)(1476.)(*5.24 mminTcTL rh  - take smaller. (Tr=0, min thickness of 
reinforcement ring) 

)(7.2)(106. mminTb  -wall thickness of branch pipe 
)(122.0)(0048.0 mmintb  - required wall thickness of branch pipe 

 
)2^(87.3)2^(006.2/*2 2

4 mminaA  -the Area resulting from excess thickness in the 
branch pipe wall 
 
Where: 
 

)(0.2)(079. mmina  -welding size (parameter) 
)2^(31)2^(0481.432 mminAAA  -available Area is more than required, so that no 

additional reinforcement is required. 
 
3.4.2 (Quad He Vessel) 2-Phase He Pipe. 
 
That is a multiple miter bends weldment section of pipe. 
According 304.2, Ref. 3 (ASME B31.3-2004), maximum allowable internal pressure for 
miter bends: 
 

)(27)(392

)02.0079.0(*46.1*5.7tan*643.0)02.0079.0(

)02.0079.0(
*

46.1

)02.0079.0(*0.1*85.0*16700

)(**tan*643.0)(
*

)(***

22

barpsi

cTrcT

cT

r

cTWES
Pm






































 

 
Where: 
c= the sum of the mechanical allowances plus corrosion or erosion allowances, 

c=0.5(mm) =.02(in) 
E=0.85, according Tab. A-1B, page 193 

2r = means radius of pipe using nominal wall T, 2r =D/2-T/2=37.05(mm)=1.46(in) 
S= 16.7 (Ksi), according Tab.A-1, page 182 
T= miter pipe wall thickness, T=2.0(mm)=0.079(in) 
W= weld joint strength reduction factor, W=1.0, paragraph 302.3.5(e), page17 
 = angle of change in direction at miter join, 152    
 = angle of miter cut, 5.7  
 
Capacity factor: 6/ PPm (satisfactory) 
 
There are no material qualification and pressure test documents from Manufacturer 
(DESY). 
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Table 5 summarizes the pipes geometry, design pressure, and pressure rating for Lines G. 
 
Table 5 

Name 
Drawing 
Number 

Description 
Design 

Pressure 
Pipe 

Rating 
Capacity 

factor 

2-Phase He pipe 
(straight) 

See Tab.1 
76.1 mm-OD, 2.0 mm Wall, 
Titanium, GR 2 

4 bar 52 bar 13 

2-Phase He pipe 
(straight) 

See Tab.1 
60.3 mm-OD, 2.7 mm Wall, 
Titanium, GR 2 

4 bar 91 bar 23 

2-Phase He pipe 
(Quad) 

See Tab.1 
76.1 mm-OD, 2.0 mm Wall, 
Titanium, GR 2 

4 bar 27 bar 6 

 
 
3.4.3  2-Phase He Pipe Bellow 
 
There are a total of eight titanium pipe bellows on the 2-Phase helium circuit.  One 
located between each cavity.  The following spreadsheet by Tom Page (FNAL Engineer) 
was used for the analysis of the titanium bellows, 2-Phase Bellows Drawings number: 
DESY 1_98_8427_0_00, DESY 2_06_8205_F_000, DESY 
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Where: Modulus of elasticity, Eb=1.87E+07 (psi) for Ti, Temperature 17K, [9] 
There are no material qualification documents from Manufacturer (DESY) 
 
3.5 Cryogenic Line H– Warmup/Cooldown 
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Line H is a 42.5 mm OD, 1.65 mm-wall pipe connected to the bottom of each helium 
vessel by a small capillary tube.  It is used for filling and draining liquid helium to and 
from the helium vessels.  The weldment includes both 10.2 mm-OD, 2.6 mm wall, 5.0 
mm-OD, 1.0mm-wall pipe and CDA A15 CF Flange. The pipe material is ASTM A312 
TP 316L. The Flange Material is AISI 316L. The pressure rating in Table 7 below is for 
the thinner wall. The Pipe Rating in Table 7 is calculated using Ref. 3 per paragraph 
304.1.   
 

 
Figure 10 - He Vessel Warmup/Cooldown Line 

 
)(573.05.0073.0 mmctt H

m  - the required thickness of pipe. 
 
Where: 
 
c=0.5(mm) =.02(in) 

  )(073.0)(10*89.2
)4.0*058.01*7.16(*2

67.1058.0

2
3 mmin

YPES

DP
tt E 








  , 

 
Ht  = pressure design Line E pipe thickness. 

P=4(bar) = 0.058(Ksi) 
D=42.4(mm) =1.67(in) 
S= 16.7 (Ksi), according Tab.A-1, page 158 
E=1.0, according Tab. A-1B, page 192 
Y=0.4, according Tab.304.1.1,page 18 

)(65.1 mmt H
n  =cryogenic line E pipe thickness. 

Pr= 64bar, pressure Rating, according formula Ref. 3 and real pipe wall thickness. 
Capacity factor: 16Pr/ P (satisfactory) 
 
Production and manufacturer pressure test documents are located in Table A.1.2-
Appendix A.1 and Appendix A3 & A4. 
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Only leak test was made at FERMILAB for Lines H-G circuit, after final CM1 assembly. 
Other pressure test documents are not available. 
 
 
 
 
 
 
 
Table 6 summarizes the pipes geometry, design pressure, and pressure rating for Line H. 
 
Table 6 

Name 
Drawing 
Number 

Description 
Design 

Pressure 
Pipe 

Rating 
Capacity 

factor 

Warmup/ 
Cooldown pipe 

See Tab.1 
Tubes, 42.2 mm-OD, 1.65mm-
Wall; ASTM A240 316L 

4 bar 93 bar 23 

  
Tubes, 10.2 mm-OD,2.6mm-
Wall; ASTM A240 316L 

4 bar 737 bar 184 

  
Tubes, 5.0 mm-OD, 1.0mm-
Wall; ASTM A240 316L 

4 bar 548 bar 137 

 
According 304.3, Ref. 3 (ASME B31.3-2004) reinforcement of welded branch 
connection Warmup/Cooldown pipe under internal pressure: 
 

)2^(52.0)2^(0008.)sin2(11 mmindtA h   -required reinforcement Area 

 
Where: 
 

)(076.0)(003. mminth  -required wall thickness of run pipe 
)(705.6)(264.1 mmind  -effective length removed from pipe at branch 

)deg(90 Beta -smaller angle between axes of branch and run 
 

)2^(97.6)2^(0108.)()*2( 122 mminctTddA hh  -the Area resulting from excess 

thickness in the run pipe wall 
 
Where: 
 

)(353.3)(132.2 mmind  -“half width” of reinforcement zone, or 
)(604.6)(26.2/)()( 12 mmindcTcTd hb  , take greater. 

 
)(651.1)(065. mminTh  -wall thickness of run pipe 

)(5.0)(0197.0 mminc  -sum of mechanical allowances plus corrosion and erosion 
allowances 
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)2^(42.13)2^(0208.sin/)(*2 43 mminctTLA bb   -the Area resulting from excess 

thickness in the branch pipe wall 
 
Where: 
 

)(87.2)(1132.)(*5.24 mmincTL h  -height of reinforcement zone, or 
)(87.2)(1132.)(*5.24 mminTcTL rh  - take smaller. (Tr=0, min thickness of 

reinforcement ring) 
)(59.2)(102. mminTb  -wall thickness of branch pipe 
)(025.0)(001. mmintb  - required wall thickness of branch pipe 

 
)2^(42.1)2^(0022.2/*2 2

4 mminaA  -the Area resulting from excess thickness in the 
branch pipe wall 
 
Where: 
 

)(2.1)(0472. mmina  -welding size (parameter) 
)2^(3.15)2^(0238.432 mminAAA  -available Area is more than required, so that no 

additional reinforcement is required. 
 
 
 
4. Material properties. 
 
Toughness 
In general, yield and ultimate strength of metals increase as their temperature is decreased.  
So it is adequate to use the room temperature allowable stresses published in the code.  
But some materials are prone to embrittlement as they are cooled so material properties 
must be reviewed when designing cryogenic systems.  The sections below address this 
issue for the three metals used in the piping system. 
 
Stainless Steel 
The minimum design temperature for the 316 stainless steel pipes in the cryomodule is 
1.8K, while the minimum shown in B31.3 Table A-1 is 19K.  Per B31.3 Table 323.2.2, 
impact testing is required on the base metal and weld deposit because the pipe is 
austenitic stainless steel, design temperature <169K (Table 323.2.2, note 3), and material 
thickness is > .098in (Table 323.2.2, note 6).  Because the design stresses are very low, 
impact tests were not done and reference ASME Boiler and Pressure Vessel code for this 
exception.  ASME BPV Code, Section VIII, Division 1, UHA-51(g) exempts 316/316L 
and other high alloy steels from impact testing when the coincident ratio of design stress 
in tension to allowable tensile stress is less than 0.35 regardless of minimum design metal 
temperature.  The BPV code recognizes that brittle failure risk is mitigated with low 
stresses.  In our design, the operating pressure is so low that the ratio of the stress in 
service to the allowable is 0.22.  For this reason, we did not perform impact tests. 
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Aluminum 
For 6060 T5 (the American equivalent-Aluminum 6063 T5): aluminum pipe, the 
minimum temperature in Table 1 is 4K.  The aluminum pipe systems within the 
cryomodule operate at or above this temperature.  Table 323.2.2 in ASME B31.3 
indicates that no toughness testing is required. 
 
Titanium 
Design temperature of the titanium pipe is 1.8K, while the minimum shown in B31.3 
Table A-1 is -75F/214K.  Because the design temperature is lower than the value listed in 
Table A-1, B31.3 requires that the material be tested to prove it is suitable for the lower 
temperature application.  Per B31.3 Table 323.2.2, “Designer shall be assured by suitable 
tests that base metal, weld deposits, and HAZ are suitable at the design minimum 
temperature.  Tests may include tensile elongation, sharp-notch tensile strength (to be 
compared to unnotched tensile strength), and/or other tests conducted at or below design 
minimum temperature.”  The code does not specify the extent of the testing nor the 
acceptance criteria. 
 
There are many decades of cumulative operating experience at multiple HEP laboratories, 
both domestic and foreign, that support the appropriateness of use of titanium at 4K and 
below.  Additionally, we reference three papers in which tensile and toughness tests on 
titanium quantify the material’s cryogenic properties.  All papers verify the 
appropriateness of using titanium in cryogenic pressure systems (ref.6, 7&8). 
 
 
 
5. Pipeline Volumes and Thermal Motions 
The volume of each individual pipeline is summarized in Table7.  The estimated thermal 
contraction of the ends of each pipe is summarized in Table 8. 
 
Table 7 - Pipeline parameters. 
Cryogenic 

Line 
Name Drawing Number X, mm Y, mm 

Z, mm 
(upstr.) 

Z, mm 
(downstr.) 

Volume, 
m3 

A 
1.8K Helium 
supply pipe 

DESY 
1_06_8205_0_200

219 481.5 6400 5500 0.019 

B 
Helium Gas 
Return  

DESY 
1_06_8205_0_110

0.0 356 6125 5430 0.817 

C 
4.5K Thermal 
Shield supply  

DESY 
1_06_8205_0_200

225.5 362.5 6400 5500 0.028 

D 
4.5K Thermal 
Shield return  

DESY 
1_06_8205_0_150

-252 210 6400 5500 0.023 

E 
70K Thermal 
Shield supply 

TTF –CRY3-
04.01.00 

355 325 6400 5500 0.028 

F 
70K Thermal 
Shield return 

DESY 
1_06_8205_0_170

-367 326 6400 5500 0.023 

G 
2-Phase He 
(straight and 
Quad) 

* 210.6 170.5 6344 5455 0.048** 

H 
Warmup/Cool 
down 

DESY 
1_06_8205_0_210

-170 200 6400 5500 0.014 
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* DESY 1_98_8427/A.200, DESY 2_06_8205_F_000 
** The volume of the 2-phase lines is only the pipeline.  It does not include the volume in 
the helium vessels around each cavity. 
 
 
 
 
 
 
Table 8 - Axial motion of pipeline ends at cooldown 

Cryo
genic 
Line 

Name 
Drawing 
Number 

Contraction, ∆L [mm] 
Design 
Temp. Upstream End Downstr. End 

A 
1.8K Helium 
supply pipe 

See Tab.1 -19.17 -16.47 1.8K 

B 
Helium Gas 
Return  

See Tab.1 -18.34 -16.26 1.8K 

C 
4.5K Thermal 
Shield supply  

See Tab.1 -19.01 -16.34 4.5K 

D 
4.5K Thermal 
Shield return  

See Tab.1 -28.11 -24.16 4.5K 

E 
70K Thermal 
Shield supply 

See Tab.1 -14.22 -12.22 77K 

F 
70K Thermal 
Shield return 

See Tab.1 -20.22 -17.38 77K 

G 
2-Phase He 
(straight and 
Quad) 

See Tab.1 -3.33 -2.86 1.8K 

H 
Warmup/Cool
down 

See Tab.1 -19.17 -16.47 1.8K 

 
The negative sign in the table is relative to the vector normal to each end of pipe.  That is, 
all pipe ends draw in towards the cryomodule with cool down such that the bellows 
between adjacent cryomodules will stretch. 
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Cryomodule 1 Piping Engineering Note Appendix 
APPENDIX A.1  Pipe Summary 
 
Table A.1.1 Pipe Summary 
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Table A.1.2 CM1 piping production and test documents. 
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APPENDIX A.2 – DESY & INFN MECHANICAL DRAWINGS 
 

 
Cryogenic Line A: Helium Gas Return Pipe 
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HGR Pipe End Ring 
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HGR Pipe Compensator 
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 HGR Pipe Compensator Specification 
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Cryogenic Line F: 70K Thermal Shield return 
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Bimetallic coupler (MANUFACTURER DRAWING) 
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Cryogenic Line E: 70K Thermal Shield supply
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Cryogenic Line D: 5K Thermal Shield return 
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Cryogenic Lines A and C: 2K Helium supply pipe and 5K Thermal Shield supply 
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Cryogenic Line G: 2-Phase He supply 
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Cryogenic Line G: 2-Phase He supply (straight) 
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2-Phase He Pipe Magnet (items 5 & 7 not supplied by DESY for CM1) 
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Cryogenic Line H : Warmup/cooldown 
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CM1 Piping and Instruments diagram 
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2-Phase He Pipe Bellows (Titanium) DESY Dr. 4-05-5488-0-001
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APPENDIX A.3 – E. Zanon Inspection and Examination Reports 
 

 



30 June 2010 
Y. Orlov 

Page 45 of 176 

 



30 June 2010 
Y. Orlov 

Page 46 of 176 



30 June 2010 
Y. Orlov 

Page 47 of 176 



30 June 2010 
Y. Orlov 

Page 48 of 176 

 



30 June 2010 
Y. Orlov 

Page 49 of 176 

 
 



30 June 2010 
Y. Orlov 

Page 50 of 176 

 



30 June 2010 
Y. Orlov 

Page 51 of 176 



30 June 2010 
Y. Orlov 

Page 52 of 176 



30 June 2010 
Y. Orlov 

Page 53 of 176 



30 June 2010 
Y. Orlov 

Page 54 of 176 



30 June 2010 
Y. Orlov 

Page 55 of 176 

 



30 June 2010 
Y. Orlov 

Page 56 of 176 



30 June 2010 
Y. Orlov 

Page 57 of 176 



30 June 2010 
Y. Orlov 

Page 58 of 176 



30 June 2010 
Y. Orlov 

Page 59 of 176 



30 June 2010 
Y. Orlov 

Page 60 of 176 



30 June 2010 
Y. Orlov 

Page 61 of 176 



30 June 2010 
Y. Orlov 

Page 62 of 176 



30 June 2010 
Y. Orlov 

Page 63 of 176 

33



30 June 2010 
Y. Orlov 

Page 64 of 176 



30 June 2010 
Y. Orlov 

Page 65 of 176 



30 June 2010 
Y. Orlov 

Page 66 of 176 

 



30 June 2010 
Y. Orlov 

Page 67 of 176 



30 June 2010 
Y. Orlov 

Page 68 of 176 



30 June 2010 
Y. Orlov 

Page 69 of 176 



30 June 2010 
Y. Orlov 

Page 70 of 176 



30 June 2010 
Y. Orlov 

Page 71 of 176 



30 June 2010 
Y. Orlov 

Page 72 of 176 



30 June 2010 
Y. Orlov 

Page 73 of 176 



30 June 2010 
Y. Orlov 

Page 74 of 176 



30 June 2010 
Y. Orlov 

Page 75 of 176 



30 June 2010 
Y. Orlov 

Page 76 of 176 



30 June 2010 
Y. Orlov 

Page 77 of 176 



30 June 2010 
Y. Orlov 

Page 78 of 176 



30 June 2010 
Y. Orlov 

Page 79 of 176 



30 June 2010 
Y. Orlov 

Page 80 of 176 

 



30 June 2010 
Y. Orlov 

Page 81 of 176 

 



30 June 2010 
Y. Orlov 

Page 82 of 176 



30 June 2010 
Y. Orlov 

Page 83 of 176 



30 June 2010 
Y. Orlov 

Page 84 of 176 

 



30 June 2010 
Y. Orlov 

Page 85 of 176 

APPENDIX A.7 – Pressure Test Reports 
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APPENDIX A.8 – Weld Records 
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 APPENDIX A.5 – Weldig control and WPS 
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Operating Procedures 
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APPENDIX A.4 – DESY Certifications and Documents 
 

 
 
 Pressure certificate for HGR Pipe Compensator, 519/41936515 
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Material certificate for compensator Bellows, 990323712 
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Material certificate for compensator End Rings, 50049/EN10204 
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2-Phase Ti Pipes-Weld Procedure Specification (WPS) 
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APPENDIX A.5 – FERMILAB Pressure Test for 2-Phase pipe-Warm Up-Cool 
Down Line in NML. 
 
For CM1, we will not conduct a pressure test of the two-phase circuit until after the 
cryomodule is connected to the end caps.  Once connected to the end caps, the 
unbalanced pressure forces can be adequately reacted in the end caps. 
 
 
For safe operation of the CM1 vacuum vessel, operating procedures are not required. 
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