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General introduction – exceptional vessel and application of standards 


The use of non-ASME qualified materials and non-ASME qualified welds force this vessel to be an exceptional vessel.  An “Exceptional Vessel Discussion and Extended Engineering Note Summary” starting on page 9 discusses the exceptional vessel rationale in more detail.  

We have documented this vessel in accordance with Fermilab’s ES&H Manual Chapter 5031 (Pressure Vessels) “Extended Engineering Note for Exceptional Vessels”.  The ASME Boiler and Pressure Vessel Code Section VIII, Div 1 and Section VIII, Div 2 have been used for guidance.  

[image: image3.jpg]PRESSURE VESSEL ENGINEERING NOTE
PER FESHM CHAPTER 5031

Prepared by: Mayling Wong, Germano =
Galasso, Tom Peterson, Phil Pfund, Harry Carter, Dan Olis, Tug Arkan
Preparation date: 23 July 2008

1. Description and Identification
Fill in the label information below:

This vessel conforms to Fermilab ES&H Manual
Chapter 5031

Vessel Title 3.9-GHz Helium Vessel, Cavity #5

Vessel Number IND-102

Vessel Drawing Number 5525.000-ME-440598 (Rev. B)

Maximum Allowable Working Pressures (MAWP):
Internal pressure Warm 2.0-bar (29.0 psia)
Internal Pressure Cold 2.0 bar (29.0 psia)
External Pressure 1.0-bar (14.5-psia)

Working Temperature Range -457 OF - 100 °OF

Contents Superfluid helium

Designer/Manufacturer FNAL

Test Pressure (if tested at Fermi) Acceptance «Document per Chapter 5034
Date: of the Fermilab ES&H Manual
2.3 bar
19 PSIG, Hydraulic __ Pneumatic X

Accept d as conformljg;to standard by
—Apellimaa_ngo

¢
of Division/Section lcclnucaf, Date: fl!ﬂ 5 OF ¢!
Din'son

NOTE: Any subsequent changes in contents,
pressures, temperatures, valving, etc., which
affect the safety of this vessel shall require
another review.

Date:

Reviewed by: \C)\J COW\W\\‘\'\‘GQ

Director's signature (or designee) if the vessel is for manned areas but doesn't
confory to the requirements of the chapter.

ace 5[5 Jo&

Date:

ES&H Director Concurrence



 
Amendment No.:                 Reviewed by:              Date:

_________________              _____________             _______________

_________________              ______________            ________________

Lab Property Number(s):


Lab Location Code:  Meson Detector Building
(obtain from safety officer) 

Purpose of Vessel(s):  LHe containment for nine-cell 3.9-GHz superconducting


Radio frequency cavity


Vessel Capacity/Size:  3.4-L  Diameter:  5.5”(140mm) Length:  19.9”(505.92mm)

Normal Operating Pressure (OP)  0.02-bar (0.25-psia)
 

MAWP-OP =  28.75 PSID

List the numbers of all pertinent drawings and the location of the originals. 

Drawing #
Location of Original
  5525-ME-440598 Rev B 

 IDEAS FERMI TDM


  5520-ME-426450 Rev F

 IDEAS FERMI TDM


  5520-ME-426321 Rev B

 IDEAS FERMI TDM


  5520-MB-426252 Rev C

 IDEAS FERMI TDM


(Above are the top-level drawings, see Appendix B, “drawing tree”, in the design note)

2.
Design Verification

Is this vessel designed and built to meet the Code or “In-House Built” requirements?


Yes     No  X


If “No” state the standard that was used ASME Code, Section VIII, Div 1 and Div 2 with finite element analysis and reference to published mechanical data for niobium and NbTi (where code data were not available)


Demonstrate that design calculations of that standard have been made and that other requirements of that standard have been satisfied.

Skip to part 3 “system venting verification.”

Does the vessel(s) have a U stamp?  Yes_____ No  X .  If "Yes", complete section 2A; if "No", complete section 2B.

A.
Staple photo of U stamp plate below.


Copy "U" label details to the side 




Copy data here:

[image: image4.wmf]
Figure 1.  ASME Code:  Applicable Sections  
2B.

Summary of ASME Code


CALCULATION RESULT


(Required thickness or stress


Reference ASME
level vs. actual thickness

Item
Code Section
calculated stress level)

(see Design Note)





vs







vs







vs







vs


3.
System Venting Verification  (See Figure A4 for vent system schematic 

- drawing 4906.320-ME-4400302) 


Does the venting system follow the Code UG-125 through UG-137?  

Yes  X  No___    


Does the venting system also follow the Compressed Gas Association Standards S-1.1 and S-1.3?


Yes  X 
No_____



A “no” response to both of the two proceeding questions requires a justification and statement regarding what standards were applied to verify system venting is adequate.


List of reliefs and settings:


Manufacturer
Model #  Set Pressure
 Flow Rate
Size

 BS&B

 LPS

 12-psig
 
 2188-SCFM air
 3-inch



Hylok 700 
CV5-F12N-25



Cv=5.2

3/4"

4.
Operating Procedure

Is an operating procedure necessary for the safe operation of this vessel?



Yes_____  No  X  (If "Yes", it must be appended)

5.
Welding Information

Has the vessel been fabricated in a non-code shop?  Yes  X  No   



If "Yes", append a copy of the welding shop statement of welder qualification (Procedure Qualification Record, PQR) which references the Welding Procedure Specification (WPS) used to weld this vessel.

See “Welding Information” Section in Appendix A

6.
Existing, Used and Unmanned Area Vessels

Is this vessel or any part thereof in the above categories?  


Yes_____ No  X


If "Yes", follow the requirements for an Extended Engineering Note for Existing, Used and Unmanned Area Vessels.
7.
Exceptional Vessels

Is this vessel or any part thereof in the above category?  


Yes  X  No  


If "Yes", follow the requirements for an Extended Engineering Note for Exceptional Vessels.
Appendix A – Extended Engineering Note

Introduction 

The 3.9 GHz “dressed cavity”, cavity #5, is a niobium superconducting RF cavity surrounded by a helium vessel which will be filled with liquid helium (so liquid helium surrounding the niobium RF cavity) at temperatures as low as 1.8 K.  The cavity will be performance tested in the Horizontal Test Stand (HTS) at the Meson Test Area at FNAL before being installed in a cryostat with three other 3.9 GHz dressed cavities.  The cryostat with four dressed cavities will be shipped to DESY to be installed in FLASH.  This document summarizes how the helium vessel for cavity #5 follows the requirements of the FESHM 5031 [ref 1].  This document and supporting documents for the 3.9 GHz helium vessel engineering note and also for the 3.9 GHz cryomodule may be found at:

http://ilc-dms.fnal.gov/Workgroups/CryomoduleDocumentation/3rd-Harmonic-Cryomodule-for-DESY/ 

User’s design specification – a summary of the specification from DESY  

The end user of this 3.9 GHz dressed cavity helium vessel will be DESY, in Hamburg, Germany.  DESY provided Fermilab with a user’s design specification, which is summarized here.  The bottom line for Fermilab is that following ASME code or showing equivalent safety as much as possible, given constraints in using niobium and niobium-titanium, will be acceptable for DESY.  


Fermi National Accelerator Laboratory (Fermilab) will manufacture a 3.9 GHz Cryostat in the framework of a collaboration contract with DESY.  The 3.9 GHz Cryostat will be installed in the FLASH-linac at DESY in Hamburg, Germany.  The 3.9 GHz FLASH cryostat supplied by Fermilab has to conform to the European legal regulations.  DESY will be the importer into the European Union and has to certificate the conformity to the European regulations.


As part of the cryogenic installations of the FLASH-linac (former TTF2-linac) the 3.9 GHz cryostat will be treated according to the TTF2 risk analysis (Gefahrenanalyse nach Anhang I der Druckgeräterichtlinie (DGRL), May 8, 2003).  With reference to this analysis, the cryogenic equipment of the 3.9 GHz cryostat will be assessed to fall below module I of the DGRL; as a consequence the cryogenic installations require no authorized third party inspections.


According to DESY’s risk analysis, the 3.9 GHz cryostat shall be treated in line with the standard 1.3 GHz cryomodules:  the niobium material of the cavities cannot be certified for the use at low temperatures.  The thermal shields and the vacuum vessel of the cryostat act as containment for the inner 2 K pressure vessel (see also DESY note D5/591, December 1, 1993.)

The DESY safety rules are fulfilled as soon as the cryostat is conforming to the EU rules.  The 2 K pressure vessel will have an MAWP of 2.0 bar in order to be consistent with the other cryomodules in FLASH.  


The design and construction of the 3.9 GHz cryostat has to be conforming to the DGRL. According to the DGRL, the manufacturer has to take the responsibility for the application of suited technical rules, which are not defined in detail in the DGRL. In case of the 3.9 GHz cryostat, DESY as the importer takes action for the manufacturer outside the EU.  DESY will apply the AD2000 technical rules or the European harmonized rules.  But according to DESY’s risk analysis, also the US ASME regulations for pressure vessels can be applied. This is underlined by the fact that for the past decade, DESY has had cryogenic components in use at TTF and FLASH, which were designed and constructed in the US according to ASME regulations (FLASH feed box, test cryostats).


The choice of materials for use at low temperatures must be in accordance with the European harmonized rules.  Materials allowed by the ASME rules for pressure vessels at low temperatures may be used with the exception of stainless steel 321, which must be avoided.  For the Ti-vessel, DESY uses titanium DIN/EN 3.7035, which corresponds to Ti grade 2. 

According to the DGRL there is no way to certify niobium for the use at low temperatures.


Apart from the cavity made from niobium, all parts of the 3.9 GHz cryostat shall be designed and manufactured in accordance to the ASME pressure vessel code for the use at low temperatures.  Note that parts of the helium vessel end are also niobium or NbTi and will be “exceptions” to ASME.  Fermilab will document that the safely level is very conservatively acceptable and, to the extent that Fermilab can verify so, as good as the ASME code.  

Exceptional Vessel Discussion and Extended Engineering Note Summary

Reason for Exception 


The 3.9-GHz dressed cavity as a helium vessel has materials and complex geometry that are not conducive to complete design and fabrication following the ASME boiler and pressure vessel (the Code) [ref 2].  Parts of the vessel are made of niobium and an alloy that is 45% niobium/55% titanium.  Neither of these materials is approved in the Code. 


However, we show that the vessel is safe at a level that is similar to the Code, as recommended by the DOE’s Federal Register for contractors on Worker Safety and Health Program [ref 3] and in accordance with FESHM 5031. Since the vessel design and fabrication cannot exactly follow the guidelines given by the Code, the vessel requires a Director’s Exception. 

Table A1 – Specific areas of exception to the ASME code

	Location or procedure
	Reference 
	Explanation for exception

	Niobium material
	pg 17
	Used for its superconducting properties, not explicitly allowed by the code

	Calculated stress in Nb cavity at the iris.  
	pg 41
	Worst case tuning extension (0.5 mm) with internal pressure at room temperature (82.4 MPa vs 60 MPa allowable).  This stress is self-limited by the tuner and results at worst in an offset of the neutral tuning position.  

	Niobium-Titanium material 
	pg 19 
	Used for compatibility in welding with niobium and titanium, a transition between the two metals

	Partial penetration welds in Ti and between NbTi and Ti
	pp 79 - 85
	Care not to burn through the material 

	Weld procedure specification (WPS), procedure qualification record (PQR), and welder performance qualification (WPQ) were either not performed, or initiated after completion of the work
	pg 74
	The 0.8 factor taken on allowable material stress per FESHM 5031 is intended exactly for this issue, to mitigate incomplete code-specified information.  

	Incomplete testing of bulk and weld affected zone material
	pg 74
	See note above regarding 0.8 factor.  

	No X-ray or ultrasonic inspections of welds (Div 2 requires 100% radiography, plus 10% ultrasonic testing on welds.)
	pg 74
	Access difficulty.  Samples were welded, cut, polished, and photographed instead in order to establish degree of weld penetration.  


Analysis and use of the ASME code


The extended engineering note summarizes the results of the analysis that was performed on the entire vessel.  The vessel was analyzed for two separate scenarios:  internal pressure of 2-bar and external pressure of 1-bar.  The stresses found in FEA models of the helium vessel were analyzed following the Code’s Section VIII, Division 2, Part 5 [ref 2].  Also, for each scenario, the components that are externally pressurized are analyzed for collapse pressure following the Code’s Section VIII, Division 1, UG-28 and UG-33.  The opening sizes and the nozzle reinforcement in the vessel are examined following Division 1’s UG-37.  The bellows design is documented by means of the Ameriflex, Inc., Design Calculations Summary.   


Code allowable stresses are calculated for niobium based on an extensive search of the literature for data for high RRR niobium, formed, welded and heat treated in a manner similar to the niobium in this RF cavity.  Niobium-titanium properties were taken from ATI Wah Chang.  The section entitled “Vessel Mechanical Properties and Allowable Stresses”, page 16 and following, contains a detailed discussion of material properties.  
Analytical tools


Analysis was done using Mathcad 7 and Ansys Workbench 11.  

Fabrication


Detailed welding information is included in this engineering note.  A fabrication procedure, associated material specifications, and welders’ certifications are compiled in a second document, “Cavity #5 E-Note Matl Certs.doc”.  
Hazard Analysis


When tested in the HTS, the 3.9-GHz helium vessel is completely contained with a multilayered vessel that protects personnel.  The 5K copper thermal shield completely surrounds the helium vessel.  The 80K copper thermal shield, in turn, completely surrounds the 5K shield, which is then encased within the stainless steel vacuum vessel.  From a personnel safety standpoint, the helium vessel is well contained within the test cryostat.  


A vacuum relief safety vents any helium spill from the vacuum vessel.  These points are documented in a detailed hazards analysis for the horizontal test cryostat in conjunction with the vacuum vessel engineering note for the horizontal test cryostat.  

Pressure Test


The helium vessel was pressure tested to 2.3 bar, 1.15 times the MAWP of 2.0 bar.    

Vessel Description

Drawing 5520.000-ME-440598 Rev B (Figure A2) shows the dressed cavity assembly in the welding fixture.  

Drawing 5520.000-ME-426321 (Figure A3) shows the niobium RF cavity sub-assembly (item 1 on drawing ME-440598).  

Drawing 5520.000-ME-426450 (Figure A4) shows the helium vessel weldment (item 2 on drawing ME-440598).  

The flange-to-flange length of the cavity is 505.9-mm (19.9-in).  The inner diameter of the helium vessel (item 2 in Figure A1) is 132-mm (5.2-in), and the outer diameter is 140-mm (5.5-in).  A bellows in the helium vessel shell allows flexibility in the vessel length so that the cavity can be tuned.  The bellows thickness is 0.30-mm (0.012-in).  The RF cavity has an “iris” or a minimum inner diameter of 30-mm (1.2-in), and the maximum diameter of a dumbbell is 76-mm (3.0-in).  The RF cavity is made of niobium, and the helium vessel components are made of Titanium Grade 2.  A joint made of Ti (55%)–Nb (45%), is welded in between the niobium cavity and the titanium shell.

Table A2 lists the basic dimensions of the 3.9 GHz dressed cavity.

Table A2 –Dimensions of the 3.9 GHz Helium Vessel

	
	3.9 GHz Helium Vessel

	Flange-to-flange length
	505.9 mm

	Helium vessel inner diameter
	132 mm

	RF cavity minimum inner diameter
	30 mm

	RF cavity maximum dumbbell dia.
	76 mm



The helium vessel for the 3.9 GHz cavity has an internal maximum allowable working pressure (MAWP) of 2.0 bar at room temperature.  Analysis in the engineering documentation is for 2.0 bar pressure.  The external MAWP for the helium vessel is 1.0 bar at room temperature (vacuum inside and atmospheric pressure outside).  


A complete drawing tree is shown in Figure A1.  The top level and second level assembly drawings are copied in the following figures for reference here.  A complete set of drawings is at:

http://ilc-dms.fnal.gov/Workgroups/CryomoduleDocumentation/3rd-Harmonic-Cryomodule-for-DESY/DressedCavityDrawings/  and is also archived at: 

http://tdserver1/project/TDarchivedDrawings/drawings/

In Figure A2, the helium vessel is shown.  Normally, helium pressure up to the 2 bar MAWP is inside the titanium shell and surrounds the niobium RF cavity.  Thus, we include an analysis of the niobium cavity under external pressure as part of the 2 bar analysis.  The helium vessel does not extend to the ports for the HOM and main couplers on the beam tube at the ends of the RF cavity, so those ports are not included in the analysis. 

“External pressure” for the helium vessel means pressure around the outside of the titanium shell with vacuum inside the helium vessel.  


[image: image5.wmf]3.9 GHz Cavity #5 Drawing Tree

Dwg. No.

Rev.

Description

440598

B

Vertical Helium Vessel Weld Fixture

426450

F

Helium Vessel Weldment Style C

426277

A

Flange, RF Cavity, Helium Supply

426278

B

Tube, Helium Vessel Supply

426257

C

Flange, Vessel Tuner Stepped Ring

457114

A

Bellows Weldment

457116

-

Backing Ring, Bellows

457115

-

Cuff, Bellows

457113

-

Bellows

426250

A

Shell, Helium Vessel

426258

C

Flange, Helium Vessel Tuner Ring

426251

E

Shell, Helium Vessel, Helium Supply Side

426262

C

Flange, Helium Vessel Drain

426260

A

Pin, Helium Vessel Invar Connection

426321

B

Cavity Weldment

426332

C

End Tube w/o MC, Fabricating Process

426335

-

Conical Flange "B" Weldment

426329

A

End Cell

426336

A

End Cap, Vessel, Small

426354

-

Flange, Niobium, Tube End

426358

A

End Tube w/o MC Port

426178

A

Flange RF Cavity, NW40

426334

A

Flange, CF Pickup Antenna

426333

-

Tube, Pickup Antenna

426286

A

Formteil

426328

B

Flange, HOM Coupler

426582

-

HOM Coupler

426330

A

Dumbbell Weldment, Full

426182

-

Mid Cavity Weldment

426183

A

Mid Cell

426323

C

End Tube w/MC, Fabricating Process

426324

-

Conical Flange "A" Weldment

426325

-

End Cap, Vessel, Large

426354

-

Flange, Niobium, Tube End

426329

A

End Cell

426357

A

End Tube w/ MC Port

426328

B

Flange, HOM Coupler

426582

-

HOM Coupler

426327

A

Flange, Main Coupler

426353

A

Tube, Main Coupler

426178

A

Flange, RF Cavity, NW40

426286

A

Formteil

426252

C

Flange, Vessel End, Stepped


Figure A1.  Dressed cavity #5 drawing tree
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Figure A2 – Helium Vessel for the 3.9-GHz Cavity, Cavity #5 assembled in the welding fixture (Drawing 5520.000-ME-440598)
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Figure A3 – 3.9-GHz RF Niobium Cavity Assembly (Drawing 5520.000-ME-426321)
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Figure A4 – Helium Vessel Weldment for 3.9-GHz Dressed Cavity (Drawing 5520.000-ME-426450)
Vessel Mechanical Properties and Allowable Stresses
Allowable Stress Determination

· Titanium Grade 2

Allowable stress for Section VIII, Division 1 

(Tab 1B, Section II, Part D):

S= 83 MPa (welded Pipe)

Allowable stress for Section VIII, Division 2 

(Tab 5B, Section II, Part D):

S= 122 MPa (welded Pipe)

The most conservative Allowable Stress S has been selected, and it has been moreover multiplied by a factor 0.8, obtaining the new allowable that will be used during the FE analysis. S = 0.8 ∙ 83 = 66.4 MPa

Acceptance Criteria for the FE Analysis (Part 5, Section VIII, Division 2):

PM

≤
S 
=
66.4 MPa
PM+Pb        
≤ 
1.5 ∙ S
= 
99.6 MPa
PM+Pb+Q
≤ 
3 ∙ S 
= 
199.2 MPa

Where:

PM: 

Primary Membrane Stress Intensity

PM+Pb: 
Primary Membrane Stress Intensity + Primary Bending Stress Intensity

PM+Pb+Q: 
Primary and Secondary Membrane Stress Intensity 

+ Primary and Secondary Bending Stress Intensity

· Niobium 

Below is a summary of the niobium material data for an 800 C bake of three hours from JLAB-TN-02-01, “High RRR Niobium Material Studies,” by Ganapati Myneni and Peter Kneisel, Jefferson Lab.  This paper has an extensive tabulation of yield and ultimate strength numbers for niobium of various heat treatments, including several at 800 C.  

Table A3 – Niobium mechanical properties
	
	
	
	
	
	
	ASME Sec VIII, Div 1
	Fermilab 

FESHM

	Mat’l
	YS
	TS
	%

elong
	approx RRR
	heat
	allowable stress
	allowable stress

	
	
	
	
	
	
	Take the smaller of:
	ASME x 0.8

	
	
	
	
	
	
	2/3 x
 YS
	TS/
3.5
	

	
	MPa
	MPa
	
	
	
	MPa
	MPa
	Mpa

	WCL SNS prototype 

sample 10
	40.7
	163
	50
	400
	800 C 3 hr
	29
	45
	23

	WCL SNS prototype 

sample 11
	41.3
	154
	60
	400
	800 C 3 hr
	29
	45
	23

	WC SNS production

sample 19
	44.8
	147
	59
	400
	800 C 3 hr
	33
	43
	27

	WC SNS production

sample 20
	48.9
	148
	--
	400
	800 C 3 hr
	33
	43
	27

	TD SNS production

sample 28
	37.9
	157
	41
	300
	800 C 3 hr
	25.2
	49
	20

	TD SNS production 

sample 29
	37.9
	151
	40
	300
	800 C 3 hr
	25.2
	43
	20

	3.9 GHz cavity 5
	38 

est
	140

est
	--
	300
	825 C

2.4 hr
	25
	40
	20


The 800 C bake was of particular concern to JLab due to the evidence of softening of the niobium (yield strength reduction) at that temperature.  These data are both the most nearly representative of our material which we have found in the niobium material literature, and also the most conservatively low numbers for any bake-out temperature, including higher temperatures.  
See Appendix C for our niobium processing details.  
Our conclusion is to take as the allowable stress:  S=20 MPa

Acceptance Criteria for the FE Analysis (Part 5, Section VIII, Division 2): 

PM

≤
S 
=
20
MPa

PM+Pb        
≤ 
1.5 ∙ S
= 
30
MPa
PM+Pb+Q
≤ 
3 ∙ S 
= 
60
MPa

· Niobium-Titanium 

(Data from ATI Wah Chang

 http://www.wahchang.com/pages/products/data/pdf/Ti-45%20Niobium.pdf )

Material Note: 
Titanium- 45% Niobium

Ultimate Stress ST:
546 MPa

Yield Stress SY:
480 MPa      

Allowable stress for Section VIII Division 1 

(Tab. 1.100, mandatory apex 1, Section II, Part D):

S=156 MPa (wrought or cast)

S=132.6 MPa (welded pipe or tube)

Allowable stress for Section VIII Division 2 

(Tab. 10.100 mandatory apex 10, Section II, Part D): 

S=227.5 MPa

The most conservative Allowable Stress S has been selected, and it has been moreover multiplied by a factor 0.8, obtaining the new allowable that will be used during the FE analysis. S = 0.8 ∙ 132.6 = 106 MPa

Acceptance Criteria for the FE Analysis (Part 5, Section VIII, Division 2):

PM

≤
S 
=
106
MPa

PM+Pb        
≤ 
1.5 ∙ S
= 
159
MPa

PM+Pb+Q
≤ 
3 ∙ S 
= 
318
MPa

Introduction to the stress analysis

A Finite Element analysis of the 3.9 GHz Helium Vessel assembly has been led in agreement with the ASME code, section VIII, division 2, annex 5.A. Taking advantage of the symmetry of the structure, half 3D model has been analyzed, and a high order element mesh (SOLID 186, 20 nodes element) has been swept around the Vessel axis using 28 sweep divisions. Two element sizes have been selected in order to have at least two elements across the thickness of each component. It is well known that 2 high order elements across the thickness are adequate to reproduce the bending stress profile. These high order elements produce bending profiles as if there were additional lower order elements across the thickness of the vessel wall. An element size of 0.25mm has been used for the bellow mesh; the rest of the assembly has been meshed revolving quad elements of 0.98 mm. Ansys WorkBench has been used to set properly a valid FE model. The friendly user interface of this software permits to apply easily and correctly material properties, loads, boundary conditions and mesh. In particular, the meshing process is almost completely controlled by the software. Ansys WB has in fact the capability to implement automatically the proper strategy in order to connect adjacent domains with different mesh sizes. For example, the bellow mesh is connected with the coarser adjacent mesh by means of contact elements, rather than merging the nodes of the two meshes.
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Fig A5 - Mesh of the Helium Vessel assembly  

Among all the possible load combinations, the following three load cases have been chosen to investigate the structural behavior of the assembly:
· 1st Load Case: Primary Stresses evaluation at room temperature 

(Internal pressure, own weight of the assembly)

· 2nd Load Case: Primary + Secondary evaluation stresses at room temperature (worst case). (internal pressure, own weight of the assembly, tuner displacement)

· 3rd Load Case: Primary + Secondary stresses evaluation at cryogenic temperature (internal pressure, own weight of the assembly, thermal contraction)

All the material properties used during the F.E. simulations of the previous three load cases, are briefly summarized in the following Table A4.

	Material
	Components
	Modulus of Elasticity

[MPa]


	Poisson

Ratio
	Density

[Kg/m3]
	Thermal expansion coefficient at 4K

[1/K]

	Nb RRR


	Cavity
	1.05e5
	0.38
	8600
	4.948e-6

	Ti 55% -Nb 45%


	Joints
	62000
	0.33
	5700
	6.505e-6

	Ti Gr. 2


	Bellow 

Vessel Shell


	1.05e5
	0.37
	4510
	5.225e-6


Table A4 - Material Properties used for the FE analysis

In agreement with the Code, Part VIII, Division 2, Annex 5.A, the Intensity Stress has been linearized along proper Stress Classification Lines (SCLs).Two sets of SCLs for each component of the assembly have been used. Since the highest stress in a component is usually located in the contact region of two adjacent components due to the local structural discontinuities, a first set of SCL (J, K, W, X, Y, Z) crossing the contact edge between two adjacent components has been chosen. A second set of SCLs (A, B, C, D, E, F,G) crosses each component in a mid-section. 
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Figure A6 - Stress Classification Lines SCLs used for the Stress Intensity linearization.

(Part VIII, Division 2, Annex 5.A)

In addition, general stress maps have been used to find out the exact position of maximum stress in a specific component, in order to choose a proper SCL crossing exactly that location. Since the maximum of stress can slightly change location depending on the load apply and the mesh size adopted, the definition of a proper SCL is not always a simple process. Especially in the joint areas, where the geometry is pretty complicate and two components of different material are attached, sometimes it could happen that the particular SCL used doesn’t cross the exact location of maximum stress. Hence, the results provided by the linearization process could be slightly underestimated (some units) in the joints areas (SCL J, K,W,X,Y,Z). Nonetheless, the results will show that in those regions the acceptance criteria are verified with large margin of safety. The other stress classification lines predict perfectly the correct stress level. 
Model Validation

The FE model has been validated by means of the following two verifications.

-Hoop stress hand calculation in a mid point of the Ti Shell, away from structural discontinuity. In this case the Ti shell behaves as a perfect cylinder under pressure. The hoop stress generated by the finite element analysis in the Ti outer shell was consistent with the closed form solution.
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Where 

P: design pressure (0.2 MPa)
r: Ti shell mean radius (68 mm)
t: Ti shell thickness (4 mm)

The hoop stress value obtained using the closed form match perfectly its correspondent stress obtained from the F.E. model (membrane primary stress. Principal stress S1). This stress has been marked in the following stress summary, where all the stresses relative to SCL B (Titanium Shell Mid Region) are listed. 

Ti Shell: Mid Region. SCL B (1st load case)

         INSIDE NODE = 683353     OUTSIDE NODE = 683570

 THE FOLLOWING X,Y,Z STRESSES ARE IN THE GLOBAL COORDINATE SYSTEM.

              ** MEMBRANE **

      SX          SY          SZ         SXY         SYZ         SXZ

 -0.1041       1.372       3.465     -0.7338E-02 -0.8183E-04  0.3144E-03

      S1          S2          S3         SINT        SEQV

   3.465       1.372     -0.1041       3.569       3.106    

              ** BENDING **  I=INSIDE C=CENTER O=OUTSIDE

      SX          SY          SZ         SXY         SYZ         SXZ

 I -0.9952E-01  0.4338E-01  0.1247     -0.6731E-03  0.2264E-03 -0.1643E-02

 C   0.000       0.000       0.000       0.000       0.000       0.000    

 O  0.9952E-01 -0.4338E-01 -0.1247      0.6731E-03 -0.2264E-03  0.1643E-02

      S1          S2          S3         SINT        SEQV

 I  0.1247      0.4338E-01 -0.9953E-01  0.2243      0.1966    

 C   0.000       0.000       0.000       0.000       0.000    

 O  0.9953E-01 -0.4338E-01 -0.1247      0.2243      0.1966    

              ** MEMBRANE PLUS BENDING **  I=INSIDE C=CENTER O=OUTSIDE

      SX          SY          SZ         SXY         SYZ         SXZ

 I -0.2036       1.415       3.590     -0.8011E-02  0.1445E-03 -0.1329E-02

 C -0.1041       1.372       3.465     -0.7338E-02 -0.8183E-04  0.3144E-03

 O -0.4559E-02   1.328       3.340     -0.6665E-02 -0.3082E-03  0.1957E-02

      S1          S2          S3         SINT        SEQV

 I   3.590       1.415     -0.2036       3.793       3.297    

 C   3.465       1.372     -0.1041       3.569       3.106    

 O   3.340       1.328     -0.4593E-02   3.345       2.917    

              ** PEAK **  I=INSIDE C=CENTER O=OUTSIDE

      SX          SY          SZ         SXY         SYZ         SXZ

 I -0.3992E-02 -0.2365E-02  0.1586E-02  0.7449E-02 -0.6143E-04 -0.2271E-03

 C  0.1890E-02  0.2071E-02 -0.8851E-03 -0.4139E-02  0.6215E-04 -0.4651E-05

 O -0.2530E-02 -0.4859E-02  0.1083E-02  0.6488E-02 -0.1098E-03  0.2231E-03

      S1          S2          S3         SINT        SEQV

 I  0.4329E-02  0.1573E-02 -0.1067E-01  0.1500E-01  0.1383E-01

 C  0.6121E-02 -0.8841E-03 -0.2161E-02  0.8282E-02  0.7724E-02

 O  0.2902E-02  0.1082E-02 -0.1029E-01  0.1319E-01  0.1238E-01

              ** TOTAL **  I=INSIDE C=CENTER O=OUTSIDE 

      SX          SY          SZ         SXY         SYZ         SXZ

 I -0.2076       1.413       3.591     -0.5623E-03  0.8309E-04 -0.1556E-02

 C -0.1022       1.374       3.464     -0.1148E-01 -0.1968E-04  0.3098E-03

 O -0.7089E-02   1.323       3.341     -0.1776E-03 -0.4180E-03  0.2181E-02

      S1          S2          S3         SINT        SEQV        TEMP

 I   3.591       1.413     -0.2076       3.799       3.302       22.00    

 C   3.464       1.374     -0.1023       3.566       3.104    

 O   3.341       1.323     -0.7090E-02   3.349       2.920       22.00    
-Reaction force at the supporting flanges. The vertical reaction force at the supporting flanges equilibrates with good approximation the assembly weight + helium weight (that could almost be neglected).

3.886 kg: reaction force

3.623 kg: assembly weight
The two numbers are certainly close, and they would be closer if the helium weight had been considered.

Welds Simulation
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Figure A7 F.E. welds setting and representation
The partial penetration welds connecting the Ti shell with Nb-Ti end caps and with the bellow are a particular issue of the 3.9GHz Helium Vessel Assembly. This aspect has been carefully considered in the FE analysis. The three partial penetration welds characterizing the assembly has been reproduced and simulated in the model as shown in figure A7. The red marked segments represent the portion where a bonded constraint has been used in order to simulate the partial penetration welds. In the remaining portion of these joints no constraint was applied (free gap hypothesis). In a partially welded joint, it is not unusual to observe the origin of a local contact phenomenon under particular load conditions. Contact usually arises due to the unconstrained portion of the joint, where the two adjacent components would be free to penetrate each other. Further analyses using contact elements to foresee this possible behavior of the joints with a gap, have shown that in all load condition analyzed there are not contact phenomena to be concerned of. The Nb cavity is welded in the Helium Vessel can by means of EB full penetration welding. In this case the contact is not an issue.

Stress Linearization
Once the FE model was set within Ansys WB, an input file was generated in order to import the model into Ansys Classic, where the Stress Linearization has been done. 

Ansys Classic combines the global stress tensor into a stress intensity. It then uses these stress intensity results to generate the various ASME stress categories (membrane, Bending, Membrane + Bending, Peak, Total) based on the methods outlined in ASME annex.5 Section VIII, Div.2. (Refer to Ansys User Manual Chapter 19.4, PRSECT command, for additional information regarding the method used by Ansys to generate the stress categories)

Note: According with the code, the primary membrane stress PM obtained from Ansys should be classified as General membrane Pm or Local membrane PL, depending on its location. The first one represents the membrane primary stress across a solid section without geometric discontinuities, while the second represents the membrane primary stress across solid sections in presence of geometric discontinuities. It is responsibility of the user establish if the generic primary membrane stress PM provided by Ansys has to be considered General or Local, depending on the location where the stress arise. It is reasonable, simpler and even more conservative consider the membrane primary stress simply as PM and verify it using the strictest acceptance criteria:

PM<S

PM+Pb<1.5∙S
Analysis
1st Load Case

Primary stresses evaluation at room temperature 

For the Primary stress evaluation at room temperature, the following load combination has been analyzed:

· 2bar internal pressure

· Helium own weight due to gravity at 4K (He density at 4K: 146 kg/m3)

· Vessel assembly own weight 

· No displacement between the two flanges of the vessel

This load combination produces the origin of primary stresses in the entire structure except the narrow area beside the constraint (flanges area).

For the Primary stress evaluation, the following acceptance criteria need to be satisfied:

PM ≤ S

PM+Pb ≤ 1.5∙S

Where, with the usual notation:

PM: 

Primary Membrane Stress Intensity

PM+Pb: 
Primary Membrane Stress Intensity + Primary Bending Stress Intensity

S:

Allowable Stress
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Figure A8 - 1st Load Case:  Helium Vessel Assembly. Stress Intensity Map

(Maximum Stress Intensity on the Titanium Bellow 80.1 MPa)

	SCL
	Component and

Evaluation Region
	Material
	Stress Category and Value

Linearized Stress Intensity

[MPa]
	Acceptance Criteria

[MPa]



	C
	Bellow

Central Convolution
	Ti Gr. 2
	PM
PM+Pb


	8.401

74.95
	≤ S=66.4

≤ 1.5∙S=99.6


Table A5 -1st Load Case: Assembly and Titanium Bellow. Linearized Stress Intensity summary
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Figure A9 -1st Load Case: Niobium Cavity. Stress Intensity Map

(Maximum Stress Intensity 12.2 MPa)

	SCL
	Component and

Evaluation Region
	Material
	Stress Category and Value

Linearized Stress Intensity

[MPa]
	Acceptance Criteria

[MPa]



	J
	Cavity:

Cavity/Nb-Ti Joint

Weld Region

	Nb RRR
	PM
PM+Pb


	2.506
2.883
	≤ S=20
≤ 1.5∙S=30


	Y
	Cavity:

Cavity/Nb-Ti Joint

Weld Region

	Nb RRR
	PM
PM+Pb


	2.471
3.001
	≤ S=20
≤ 1.5∙S=30


	Z
	Cavity:

End Cells Region
	Nb RRR
	PM
PM+Pb


	3.061
7.523
	≤ S=20
≤ 1.5∙S=30


	D
	Cavity:

Mid Region- Iris


	Nb RRR
	PM
PM+Pb


	1.655
4.397
	≤ S=20
≤ 1.5∙S=30

	F
	Cavity:

Mid Region- Equator

	Nb RRR
	PM
PM+Pb


	1.662
1.843
	≤ S=20
≤ 1.5∙S=30


Table A6 -1st Load Case: Niobium Cavity. Linearized Stress Intensity summary
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Figure A10 - 1st Load Case: Niobium-Titanium Joint. Stress Intensity Map

(Maximum Stress Intensity 7.0 MPa)

	SCL
	Component and

Evaluation Region
	Material
	Stress Category and Value

Linearized Stress Intensity

[MPa]


	Acceptance Criteria

[MPa]

	J
	Nb-Ti Joint:

Nb-Ti Joint/Cavity

Weld Region


	Ti 55%-Nb 45%
	PM
PM+Pb


	1.591

2.260
	≤ S=106

≤ 1.5∙S=159



	K
	Nb-Ti Joint:

Nb-Ti Joint/Ti shell

Weld Region


	Ti 55%-Nb 45%
	PM
PM+Pb


	4.482

5.778
	≤ S=106

≤ 1.5∙S=159



	A
	Nb-Ti Joint:

Mid Region
	Ti 55%-Nb 45%
	PM
PM+Pb


	2.106

4.184
	≤ S=106

≤ 1.5∙S=159




Table A7 - 1st Load Case: Niobium-Titanium Joint. Linearized Stress Intensity summary
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Figure A11 -1st Load Case: Titanium Shell. Stress Intensity Map

(Maximum Stress Intensity 15.3 MPa)

	SCL
	Component and

Evaluation Region
	Material
	Stress Category and Value

Linearized Stress Intensity

[MPa]


	Acceptance Criteria

[MPa]

	K
	Titanium Shell:

Ti Shell/Nb-Ti Joint

Weld Region


	Ti Gr. 2
	PM
PM+Pb
	4.980

8.495
	≤ S=66.4

≤ 1.5∙S=99.6



	W
	Titanium Shell:

Ti Shell/Ti ring 

Weld Region
	Ti Gr. 2
	PM
PM+Pb
	3.534

7.425


	≤ S=66.4

≤ 1.5∙S=99.6



	B
	Titanium Shell:

Mid Region


	Ti Gr. 2
	PM
PM+Pb
	3.543

3.720
	≤ S=66.4

≤ 1.5∙S=99.6




Table A8 -1st Load Case: Titanium Shell. Linearized Stress Intensity summary
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Figure A12 - 1st Load Case: 1.6 Titanium Shell. Stress Intensity Map

(Maximum Stress Intensity 16.4 MPa)

	SCL
	Component and

Evaluation Region
	Material
	Stress Category and Value

Linearized Stress Intensity

[MPa]


	Acceptance Criteria

[MPa]

	X
	Titanium Shell:

Ti Shell/Nb-Ti Joint

Weld Region


	Ti Gr. 2
	PM
PM+Pb


	4.832

7.551
	≤ S=66.4

≤ 1.5∙S=99.6



	E
	Titanium shell:

Mid Region
	Ti Gr. 2
	PM
PM+Pb


	3.447

3.653
	≤ S=66.4

≤ 1.5∙S=99.6




Table A9 -1st Load Case:  Titanium Shell. Linearized Stress Intensity summary
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Figure A13 -1st Load Case: Niobium-Titanium Joint. Stress Intensity Map

(Maximum Stress Intensity 15.7 MPa)

	SCL
	Component and

Evaluation Region


	Material
	Stress Category and Value

Linearized Stress Intensity

[MPa]
	Acceptance Criteria

[MPa]



	X
	Nb-Ti Joint:

Nb-Ti Joint/Ti shell

Weld Region


	Ti 55%-Nb 45%
	PM
PM+Pb


	5.021

11.73
	≤ S=106

≤ 1.5∙S=159



	Y
	Nb-Ti Joint:

Nb-Ti Joint/Cavity

Weld Region


	Ti 55%-Nb 45%
	PM
PM+Pb


	1.565

2.417
	≤ S=106

≤ 1.5∙S=159



	G
	Nb-Ti Joint:

Mid Region


	Ti 55%-Nb 45%
	PM
PM+Pb


	1.993

5.154
	≤ S=106

≤ 1.5∙S=159




Table A10 - 1st Load Case: Niobium-Titanium Joint. Linearized Stress Intensity summary

2nd Load Case

Primary + Secondary stresses evaluation at room temperature (worst case)

For the Primary + Secondary stress evaluation at room temperature the following load combination has been analyzed:

· 2bar internal pressure

· Helium own weight due to gravity at 4K (He density at 4K: 146 kg/m3)

· Vessel assembly own weight 

· 0.5mm displacement (tension) between the two flanges of the vessel due to the tuning displacement

According with the superposition principle this load case can be split in the sum of two main load cases:

- The 1st load case previously analyzed and responsible of the origin of primary stresses

- 0.5 mm limited displacement. A limited displacement is defined in Figure 5.15 of section 5.1 of ASME Code, Section VIII, Div. 2 as a secondary stress.

Since the primary stresses originated by the 1st load condition have been previously compared against the acceptance criteria and verified, it is now necessary satisfy only the following acceptance criterion, relative to primary + secondary stresses: 

PM+Pb+Q ≤ 3∙S

Where, with the usual notation:

PM+Pb+Q: 
Primary and Secondary Membrane Stress Intensity 

+ Primary and Secondary Bending Stress Intensity

S:

Allowable Stress
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Figure A14 -2nd Load Case: Helium Vessel Assembly. Stress Intensity Map

(Maximum Stress Intensity on the Titanium Bellow 142.4 MPa)

	SCL
	Component and

Evaluation Region
	Material
	Stress Category and Value

Linearized Stress Intensity

[MPa]
	Acceptance Criteria

[MPa]



	C
	Bellow

Central Convolution
	Ti Gr. 2
	PM+Pb+Q


	135.2
	≤ 3∙S= 199


Table A11 -2nd Load Case:  Assembly and Titanium Bellow. Linearized Stress Intensity summary

[image: image21.png]Cavity Stress Intensity [MPa] -2bar internal pressure + 0.5mm tuning displacement-
Type: Stress Intensity

Unit MPa

Time: 1

61262008 12:32 PM

13365 Max
1188
10395

9.1

7425
5.4

4455

27

1485
4:9268e-5 Min





Figure A15 -2nd Load Case: Niobium Cavity. Stress Intensity Map

(Maximum Stress Intensity 133.6 MPa)

	SCL
	Component and

Evaluation Region
	Material
	Stress Category and Value

Linearized Stress Intensity

[MPa]
	Acceptance Criteria

[MPa]



	J
	Cavity:

Cavity/Nb-Ti Joint

Weld Region


	Nb RRR
	PM+Pb+Q


	11.22
	≤ 3∙S=60

	Y
	Cavity:

Cavity/Nb-Ti Joint

Weld Region


	Nb RRR
	PM+Pb+Q


	11.31
	≤ 3∙S=60

	Z
	Cavity:

End Cells Region


	Nb RRR
	PM+Pb+Q


	20.81
	≤ 3∙S=60

	D
	Cavity:

Mid Region- Iris


	Nb RRR
	PM+Pb+Q


	82.43
	≤ 3∙S=60

	F
	Cavity:

Mid Region- Equator

	Nb RRR
	PM+Pb+Q

	25.59
	≤ 3∙S=60


Table A12 -2nd Load Case: Niobium Cavity. Linearized Stress Intensity summary
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Figure A16 -2nd Load Case: Niobium-Titanium Joint. Stress Intensity Map

(Maximum Stress Intensity 11.2 MPa)

	SCL
	Component and

Evaluation Region
	Material
	Stress Category and Value

Linearized Stress Intensity

[MPa]


	Acceptance Criteria

[MPa]

	J
	Nb-Ti Joint:

Nb-Ti Joint/Cavity

Weld Region


	Ti 55%-Nb 45%
	PM+Pb+Q


	6.936
	≤ 3∙S=318

	K
	Nb-Ti Joint:

Nb-Ti Joint/Ti shell

Weld Region


	Ti 55%-Nb 45%
	PM+Pb+Q


	3.253


	≤ 3∙S=318

	A
	Nb-Ti Joint:

Mid Region
	Ti 55%-Nb 45%
	PM+Pb+Q


	10.04
	≤ 3∙S=318


Table A13 -2nd Load Case: Niobium-Titanium Joint. Linearized Stress Intensity summary
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Figure A17 -2nd Load Case: Titanium Shell. Stress Intensity Map

(Maximum Stress Intensity 8.8 MPa)

	SCL
	Component and

Evaluation Region
	Material
	Stress Category and Value

Linearized Stress Intensity

[MPa]


	Acceptance Criteria

[MPa]

	K
	Titanium Shell:

Ti Shell/Nb-Ti Joint

Weld Region


	Ti Gr. 2
	PM+Pb+Q
	6.921
	≤ 3∙S=199



	W
	Titanium Shell:

Ti Shell/Ti ring

Weld Region


	Ti Gr. 2
	PM+Pb+Q
	5.352
	≤ 3∙S=199



	B
	Titanium Shell:

Mid Region


	Ti Gr. 2
	PM+Pb+Q
	3.687


	≤ 3∙S=199




Table A14 - Titanium Shell. Linearized Stress Intensity summary
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Figure A18 -2nd Load Case: Titanium Shell. Stress Intensity Map

(Maximum Stress Intensity 6 MPa)

	SCL
	Component and

Evaluation Region
	Material
	Stress Category and Value

Linearized Stress Intensity

[MPa]


	Acceptance Criteria

[MPa]

	X
	Titanium Shell:

Ti Shell/Nb-Ti Joint

Weld Region


	Ti Gr. 2
	PM+Pb+Q


	3.364
	≤ 3∙S=199



	E
	Titanium shell:

Mid Region
	Ti Gr. 2
	PM+Pb+Q


	3.681
	≤ 3∙S=199




Table A15 -2nd Load Case: Titanium Shell. Linearized Stress Intensity summary

[image: image25.png]Nb-Ti Joint Stress Intensity [MPa] -2bar internal pressure + 0.5mm tuning displacement-

Type: stress Intensity
Unit MPa

Time: 1

61262008 12:36 PM

11192 Max
10,053
83133
77738
66344
5.4949
4355
3216 A
2,076

033716 Min

\
)

N





Figure A19 - 2nd Load Case: Niobium-Titanium Joint. Stress Intensity Map

(Maximum Stress Intensity 11.2MPa)

	SCL
	Component and

Evaluation Region


	Material
	Stress Category and Value

Linearized Stress Intensity

[MPa]
	Acceptance Criteria

[MPa]



	X
	Nb-Ti Joint:

Nb-Ti Joint/Ti shell

Weld Region


	Ti 55%-Nb 45%
	PM+Pb+Q


	3.579
	≤ 3∙S=318



	Y
	Nb-Ti Joint:

Nb-Ti Joint/Cavity

Weld Region


	Ti 55%-Nb 45%
	PM+Pb+Q


	6.989
	≤ 3∙S=318



	G
	Nb-Ti Joint:

Mid Region


	Ti 55%-Nb 45%
	PM+Pb+Q


	10.06
	≤ 3∙S=318




Table A16 - 2nd Load Case: Niobium-Titanium Joint. Linearized Stress Intensity summary

3rd Load case

Primary + Secondary stresses evaluation at cryogenic temperature
For the Primary + Secondary stress evaluation at cryogenic temperature the following load combination has been analyzed:

· 2bar internal pressure

· Helium own weight due to gravity at 4K

· Vessel assembly own weight (He density at 4K: 146 kg/m3)

· Thermal contraction of the structure due to the cooling down at 4 K

· 0.5mm compression between the two flanges as the result of the Stainless Steel blade tuner shrinkage. 

Note. The blade tuner displacement has not been considered. This assumption represents the most conservative situation. In fact, the blade tuner acts in order to stretch the cavity, reducing the stress level originated by the thermal contraction.

According with the superposition principle this load case can be split in the sum of two main load cases:

- The 1st load case previously analyzed and responsible of the origin of primary stresses

- Thermal contraction load. Thermal contraction is clearly defined in section 5.1 of ASME Code, Section VIII, Div. 2 as a secondary stress.

Since the primary stresses originated by the 1st load condition have been previously compared against the acceptance criteria and verified, it is now necessary satisfy only the following acceptance criterion, relative to primary + secondary stresses: 

PM+Pb+Q ≤ 3∙S

Where, with the usual notation:

PM+Pb+Q: 
Primary and Secondary Membrane Stress Intensity 

+ Primary and Secondary Bending Stress Intensity

S:

Allowable Stress

Note. In the study of this load case, room temperature allowable stresses have been used. Allowable stresses can be even four times higher at cryogenic temperature, as found in literature

(Low Temperature Tensile and Fracture toughness Properties of SCRF Cavity Structural Materials, R.P. Walsh, R.R. Mitchell, V.T. Toplosky, R.C. Gentzlinger. National Hight Magnetic Field Lab. and Los Alamos National Lab). This particular case has been studied maintaining an extremely conservative position. Hence, the safety margin has to be considered even larger than what is shown in the following tables.  
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Figure A20 -3rd Load Case: Helium Vessel Assembly. Stress Intensity Map

(Maximum Stress Intensity on the Titanium Bellow 123.7MPa)

	SCL
	Component and

Evaluation Region
	Material
	Stress Category and Value

Linearized Stress Intensity

[MPa]
	Acceptance Criteria

[MPa]



	C
	Bellow

Central Convolution
	Ti Gr. 2
	PM+Pb+Q


	115.6
	≤ 3∙S= 199


Table A17 -3rd Load Case: Assembly and Titanium Bellow. Linearized Stress Intensity summary
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Figure A21 - 3rd Load Case: Niobium Cavity. Stress Intensity Map

(Maximum Stress Intensity 64.1MPa)

	SCL
	Component and

Evaluation Region
	Material
	Stress Category and Value

Linearized Stress Intensity

[MPa]
	Acceptance Criteria

[MPa]



	J
	Cavity:

Cavity/Nb-Ti Joint

Weld Region


	Nb RRR
	PM+Pb+Q


	43.40
	≤ 3∙S=60

	Y
	Cavity:

Cavity/Nb-Ti Joint

Weld Region


	Nb RRR
	PM+Pb+Q


	44.71
	≤ 3∙S=60

	Z
	Cavity:

End Cells Region


	Nb RRR
	PM+Pb+Q


	51.66
	≤ 3∙S=60

	D
	Cavity:

Mid Region-Iris


	Nb RRR
	PM+Pb+Q


	46.37
	≤ 3∙S=60

	F
	Cavity:

Mid Region- Equator

	Nb RRR
	PM+Pb+Q

	15.31
	≤ 3∙S=60


Table A18 - 3rd Load Case: Niobium Cavity. Linearized Stress Intensity summary
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Figure A22 -3rd Load Case: Niobium-Titanium Joint. Stress Intensity Map

(Maximum Stress Intensity 43.8MPa)

	SCL
	Component and

Evaluation Region
	Material
	Stress Category and Value

Linearized Stress Intensity

[MPa]


	Acceptance Criteria

[MPa]

	J
	Nb-Ti Joint:

Nb-Ti Joint/Cavity

Weld Region


	Ti 55%-Nb 45%
	PM+Pb+Q


	32.08
	≤ 3∙S=318

	K
	Nb-Ti Joint:

Nb-Ti Joint/Ti shell

Weld Region


	Ti 55%-Nb 45%
	PM+Pb+Q


	23.18
	≤ 3∙S=318

	A
	Nb-Ti Joint:

Mid Region
	Ti 55%-Nb 45%
	PM+Pb+Q


	17.32
	≤ 3∙S=318


Table A19 - 3rd Load Case: Niobium-Titanium Joint. Linearized Stress Intensity summary
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Figure A23 - 3rd Load Case: Titanium Shell. Stress Intensity Map

(Maximum Stress Intensity 62.8MPa)

	SCL
	Component and

Evaluation Region
	Material
	Stress Category and Value

Linearized Stress Intensity

[MPa]


	Acceptance Criteria

[MPa]

	K
	Titanium Shell:

Ti Shell/Nb-Ti Joint

Weld Region


	Ti Gr. 2
	PM+Pb+Q
	51.48
	≤ 3∙S=199



	W
	Titanium Shell:

Ti Shell/Ti ring

Weld Region


	Ti Gr. 2
	PM+Pb+Q
	29.53
	≤ 3∙S=199



	B
	Titanium Shell:

Mid Region


	Ti Gr. 2


	PM+Pb+Q
	3.784


	≤ 3∙S=199




Table A20 -3rd Load Case: Titanium Shell. Linearized Stress Intensity summary
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Figure A24 -3rd Load Case: Titanium Shell. Stress Intensity Map

(Maximum Stress Intensity 43.9MPa)

	SCL
	Component and

Evaluation Region
	Material
	Stress Category and Value

Linearized Stress Intensity

[MPa]


	Acceptance Criteria

[MPa]

	X
	Titanium Shell:

Ti Shell/Nb-Ti Joint

Weld Region


	Ti Gr. 2
	PM+Pb+Q


	38.78
	≤ 3∙S=199



	E
	Titanium shell:

Mid Region
	Ti Gr. 2
	PM+Pb+Q


	3.675
	≤ 3∙S=199




Table A21 - 3rd Load Case: Titanium Shell. Linearized Stress Intensity summary
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Figure A25 - 3rd Load Case: Niobium-Titanium Joint. Stress Intensity Map

(Maximum Stress Intensity 47.1MPa)

	SCL
	Component and

Evaluation Region


	Material
	Stress Category and Value

Linearized Stress Intensity

[MPa]
	Acceptance Criteria

[MPa]



	X
	Nb-Ti Joint:

Nb-Ti Joint/Ti shell

Weld Region


	Ti 55%-Nb 45%
	PM+Pb+Q


	40.91
	≤ 3∙S=318



	Y
	Nb-Ti Joint:

Nb-Ti Joint/Cavity

Weld Region


	Ti 55%-Nb 45%
	PM+Pb+Q


	33.22
	≤ 3∙S=318



	G
	Nb-Ti Joint:

Mid Region


	Ti 55%-Nb 45%
	PM+Pb+Q


	17.98


	≤ 3∙S=318


Table A22 - 3rd Load Case: Niobium-Titanium Joint. Linearized Stress Intensity summary

Openings and reinforcements 
Openings and reinforcements summary


The finite element analyses of the pressurized vessel did not take into account the size of the openings and their reinforcements.  There are two openings that are examined.  The method in the ASME BPVC Section VIII, Division 1, UG-36 through UG-37 was followed [2].  There is a 42.87-mm (1.7-inch) diameter opening that leads to the helium line.  A nozzle is welded to the opening that leads to the helium line.  It is found that the opening size and nozzle reinforcement is adequate for both 2-bar internal pressure and 1-bar external pressure.  


There is a smaller opening for the warm-up/cooldown line that is 0.55-inch in diameter. This smaller opening is located 180 degrees opposite the larger opening, on the cylindrical shell of the vessel.  (See section AA in Figure A4, drawing ME-426450.)  Since the larger opening for the helium line does not require additional reinforcement, it stands to reason that the smaller warm-up/cooldown line does not require additional reinforcement as well.  


Finally, there is the opening for placement of the end tube/end cell in the conical flange weldment (part numbers MD-426332 and MD-426323).  The Code defines this as a cone-to-cylinder junction.  For external pressure, with such a large safety factor to the collapse pressure, no additional reinforcement is needed.  

Openings and reinforcements, analysis 

According to the ASME BPVC Section VIII, Div I, UG-36(b)(1), the rules in UG-36 through UG-43 apply to openings not exceeding ½ the vessel diameter, for vessels of this small size (less than 60 inches diameter).  The helium vessel’s 42.87-mm (1.7-inch) diameter opening on the 5.2 inch diameter titanium cylinder meets these criteria.  Use UG-37 to check for sizing and reinforcement.  First, consider 2.0-bar internal pressure:

[image: image32.emf]
Titanium bellows analysis


Our primary source of information about the titanium bellows is the Ameriflex, Inc., (our bellows vendor) design calculations summary, dated 4/10/2008, and inserted below.  
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We asked Ameriflex two further questions in follow-up to the above summary.  “Allowable stress” is listed as 35,900 psi, which is much higher than what we found in ASME (14,300), and Ameriflex did not provide a squirm pressure in their spreadsheet.  Here is the reply:  

David Lawrence <davel@ameriflex.net>

06/09/2008 10:29 AM

Please respond to

davel@ameriflex.net

To:  rone@fnal.gov

Cc:  kristyv@ameriflex.net, Susan Learn <susanl@ameriflex.net>

Subject :  RE: questions

Hi Ron,

The 14300 number is the modulus of elasticity, the 35900 number is the

tensile strength. As for squirm pressure it starts to show up on our calcs

at 125 psig.

Hope this helps,

David

The modulus of elasticity is actually listed as 15.2 E6, but nevertheless, our questions were answered.  The squirm pressure of 125 psig is well above whatever pressure which we would see, even 4 bar.  


The axial motion constraint for the bellows is provided in practice by the tuner.  But even without the tuner, the cavity stiffness alone constrains the titanium bellows motion to less than the 0.1 inch assumed in the Ameriflex analysis.  The worst case extension without the tuner is with 2.0 bar (29.0 psid) internal on the effective titanium bellows area of 22.69 sq.in., so 658 lbf extending the assembly.  Worst case in the other direction is 1 atm (14.7 psid) compressing the assembly with vacuum inside, so 334 lbf compression of the assembly.  With the cavity spring rate of 27,450 lbf/inch, neglecting the bellows stiffness, the extension of the bellows would be 0.024 inches, and compression of the bellows would be 0.012 inches.  

Buckling Analysis

The buckling analysis for the Nb cavity is necessary to evaluate the following operational condition: 

Nb cavity internally under vacuum and contained into the Helium Vessel pressurized environmental, therefore externally subjected to the helium pressure (0.2MPa).

A linear (eigenvalue) buckling analysis has been used to foresee the worst condition causing the cavity buckling between the following two hypothetical operational limits: 

- Both cavity ends completely fixed

- One cavity end completely fixed and the other completely free to move axially

As shown in the following figures, buckling is first observed if both the two ends of the cavity are completely fixed (this constraint is also the closest with the real one).
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Figure A26. Nb Cavity Linear Buckling analysis. Both ends fixed. 1st eigenvalue (420MPa)
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Figure A27. Nb Cavity Linear Buckling analysis. One end fixed, one end free to move axially

1st eigenvalue (550MPa)
Once the constraint condition causing the lower buckling value was identified, a non linear buckling analysis of the externally pressurized cavity with that particular constraint (cavity fixed at both ends) was done. The external pressure value has been gradually increased through a large amount of substeps, from 0MPa to a value causing no convergence of the model due to geometric instability. In this way; it has been possible to generate the history chart of pressure applied vs. displacement for each substep used, as shown in Figure A28.

The Niobium stress-strain curve has been approximate with the bilinear kinematic formulation. This formulation is implemented in Ansys.

 In this formulation the stress-strain curve is approximated with two straight lines crossing each other in the yield point. 

The first line with slope equivalent to the module of elasticity (1.05e5 MPa) represents the elastic part of the curve; the second line with slope equivalent to the tangent module (1895 MPa) represents the plastic region.

It has been decided to use a more conservative bilinear stress strain curve, for two main reasons:

1- Try to introduce a margin of safety, in order to take into account that an approximate stress-strain curve has been used.

2- -Reduce the number of iteration before to observe the final no-convergence of the model.

Based on these assumptions, a yield stress of 20 MPa has been used for the bilinear kinematic stress-strain curve representation.

[image: image36.emf]3.9GHz Helium Vessel. Non Linear Buckling Analysis for the Nb Cavity.
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Figure A28 Nb Cavity Non Linear Buckling Analisys. Both ends fixed.

pressure vs. displacement relationship for different values of the applied external pressure

It seems appropriate to define the collapse at the first knee in the plot, at 2 Mpa. This is the point of noticeable stiffness change, due to full plasticity. At lower values any distortions will relax elastically when the pressure is reduced, leaving the cavity geometry unaltered, while above       2 Mpa, some plastic distortion will remain, which might affect the function of the device. 

Even at 2 Mpa, the safety factor is still ten (the designed operational pressure is 0.2MPa), which is appropriate given the uncertainty of this type of analysis (bilinear approximation of the stress strain curve, possible geometrical defects or asymmetries neglected).

[Refer also to Bob Wands support documentation for the Non Linear Buckling Analysis]

Analysis of external pressure on the cavity (internal pressure in the helium vessel, vacuum in the cavity) 
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Design Verification for External Pressure
Analyzing the Nb-Ti conical joint for collapse under external pressure


The Nb-Ti conical joint is analyzed for collapse under external pressure.  Given its dimensions, determine the maximum allowable external working pressure, following the guidelines in UG-33 of Section VIII, Division 1 of the Code [2].  Use the chart for Titanium Gr2 since it has the same modulus of elasticity as Nb-Ti.  There are two conical sections, as shown in drawings MB-426325 and MB-426336.  The larger of the two sections, MB-426325, is analyzed for collapse pressure.
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So, the maximum allowable working external pressure on the conical section, due to collapse theory, is 519-psi, or 35.8-bar.  This allowable pressure far exceeds the external MAWP of 1-bar for the vessel, and the Nb-Ti conical joint is adequately designed for external pressure.

Analyzing the titanium helium vessel shell for collapse under external pressure


These calculations follow the guidelines in UG-28 of Section VIII, Division 1 of the Code [2] for the titanium cylindrical shell.  Given the wall thickness and length, the maximum allowable external working pressure is calculated following UG-28 of Section VIII, Division 1 of the Code [2].  There are two sections of the cylinder with the part numbers MD-426250 and MD-426251.  The two sections are almost identical in dimensions, with MD-426251 slightly longer.  Looking at MD-426251:
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So, for the titanium vessel shells, the maximum allowable working external pressure due to collapse theory, is 249-psi (17.2 bar).  This allowable pressure far exceeds the external MAWP of 1-bar for the vessel, and the helium cylindrical shells are adequately designed for external pressure.  Collapse pressure results for the helium vessel are summarized in Table A23.  

Table A23 – Summary of Maximum Allowable Working Pressure (following collapse theory) in Vessel at 1-bar External Pressure

	Vessel Area
	Material
	Maximum Allowable Working External Pressure (bar [psi])
	Safety Factor

	Niobium-Titanium Joint
	Ti (55%) – Nb (45%)
	35.8 [519]
	35.8

	Titanium Shell
	Titanium Gr 2
	17.2 [249]
	17.2


Welding Information

All welds on the cavity #5 helium vessel are either electron beam welds performed in a vacuum chamber or tungsten-inert-gas (TIG) welds performed in a glove box purged of air and filled with high purity argon gas.  The general rule of thumb is that all niobium-to-niobium welds, niobium-to-niobium/titanium welds and all niobium/titanium-to-titanium welds are performed by electron beam welding, while the final closure welds (titanium-to-titanium) are performed by TIG welding in the argon filled glove box. The final closure weld joints are designed to minimize the possibility of titanium vapor or weld spatter being deposited on the exterior surfaces of the niobium cavity, which could lead to serious degradation of cavity performance.  It is for this reason, the helium vessel final closure weld joint designs are not full penetration and thus do not meet ASME Code requirements.  Nevertheless, the weld joint designs are fully capable of sustaining all anticipated loads, with stresses well below the maximum allowable values, resulting in acceptable factors of safety.  Refer to Table A22, Figure A29 and the pages immediately following them for weld joint locations, descriptions, and details.  Note that the numbers in Figure A29 refer to the weld numbers given in column one of Table A22.
In order to satisfy a request from DESY, a supplemental analysis for the TIG welded joints was performed.  The purpose of the analysis was to determine the minimum weld joint penetration (or thickness) required versus the actual joint penetration as measured from test welds.  The supplemental analysis is presented at the end of this section, while the results for welds 9, 10, and 11 are included in the tables that accompany the photographs of the test weld sections.

Cyclical loading of the helium vessel (and hence the vessel welds), by mechanical, thermal, or pressure means is not anticipated for the 3.9GHz cryomodule.  It is expected that during its anticipated 10-year operational life, the 3.9GHz cryomodule will undergo no more than 20 thermal cycles from room temperature to 2K, including testing cycles while on DESY's cryomodule test stand.  Since the 3.9GHz cavities do not require active lorentz force detuning compensation (i.e. fast tuners), rapid mechanical cycling at the rate of ~1KHz with multiple micron-level motions is not an issue.   DESY personnel have informed us that there is no source of recurring rapid pressure fluctuations experienced during the operation of TTF/FLASH, with normal operating pressure variations held within the range of +/- a few millibars absolute.  For all of these reasons, fatigue is not an issue for the 3.9GHz cavities and their respective helium vessels.


The electron beam welding procedure for the niobium welds and the welds to the niobium-titanium part has been created based on SEM or metallographic inspections of cut and polished weld samples.  The welding procedures have been documented by Mike Foley [ref 12] and in Table A24 from Mike Foley, below.   

Table A24 - 3rd harmonic dressed cavity #5 weld summary

	Weld

No.
	Weld description
	Drawing or reference
	Type of weld
	How qualified and other notes

	1
	Nb cavity end cell to Nb tube end flange, input coupler end
	MD-442202
	e-beam
	Parameters developed based on microscopic or metallographic analysis of cut, etched and polished weld samples.  Welded at Sciaky.

	2
	Nb cavity end cell to Nb tube end flange, non-input coupler end
	MD-442201
	e-beam
	Same as above.  Welded at Sciaky.

	3
	NbTi large conical end cap A to Nb tube end flange, input coupler end
	MD-442202
	e-beam
	Same as above.  Welded at Sciaky.

	4
	NbTi small conical end cap B to Nb tube end flange, non-input coupler end 
	MD-442201
	e-beam
	Same as above.  Welded at Sciaky.

	5
	Nb end tube to Nb conical flange A, coupler end 
	MD-442202
	e-beam
	Same as above.  Welded at Sciaky.

	6
	Nb end tube to Nb conical flange B, non-coupler end
	MD-442201
	e-beam
	Same as above.  Welded at Sciaky.

	7
	Ti bellows to Ti tube
	
	
	Same as above.  Welded at Sciaky.

	8
	Ti bellows to Ti tube
	
	
	Same as above.  Welded at Sciaky.

	9
	NbTi conical end piece to Ti cylinder, coupler end
	ME-440598 detail C and “He_vessel to cavity weld.ppt”
	e-beam
	Same as above.  Welds later certified by radiographic analysis, tensile and bend tests performed on weld samples via Packer Engineering (pending).  

	10
	NbTi conical end piece to Ti spacer ring, non-coupler end
	ME-440598 detail D and “He_vessel to cavity weld.ppt”
	e-beam
	Same as above.  Welds later certified by radiographic analysis, tensile and bend tests performed on weld samples via Packer Engineering (pending).

	11
	Ti spacer ring to Ti cylinder, non-coupler end
	ME-440598 detail D and “He_vessel to cavity weld.ppt”
	TIG
	Welded by Dan Watkins, Fermilab, in the A0 glove box.  WPQ from Alloy Weld Inspection Company


Mike Foley has provided the following information regarding the helium vessel for cavity #5, including the weld numbers 7 – 11 (above):  

(1)  All the parts for this specific helium vessel were machined at Hi-Tech except the bellows weldment.  The helium vessel was assembled and TIG welded at Fermilab except for the two welds connecting the bellows weldment to the end cans.  Dan Watkins did all the TIG welding in the A0 glove box.  His WPQ is attached.

(2)  The welds connecting the bellows weldment to the two end cans were EB welds done at Sciaky based on parameters previously developed with samples.  A hardcopy of the cut, etched and polished sample weld done using the same parameters we used for the final welds is available.  

(3)  There are three welds connecting the helium vessel to the cavity:  an EB weld joining the bottom of the vessel to the large conical end cap, an EB weld joining the titanium slip ring to the small conical end cap, and a TIG fillet weld joining the vessel to the slip ring.  We were not allowed to do full penetration EB welds because the RF people wanted to avoid any NbTi or Ti vapor deposition on the half-cells.  They believe it will negatively affect heat transfer to the liquid helium in the vessel.  The two EB welds were done at Sciaky.  Pictures of the cut, etched and polished weld samples performed using the same weld parameters are provided in this document.  The TIG weld was done at Fermilab by Dan Watkins.  A picture of a preliminary weld sample Dan produced is also provided in this document.

(4)  The information above applies to the helium vessel for cavity No. 5.  All the remaining helium vessels are being welded at Hi-Tech.  However, we plan to weld the vessels to the cavities as described above.

(5)  Weld documents are available at:

http://ilc-dms.fnal.gov/Workgroups/CryomoduleDocumentation/3rd-Harmonic-Cryomodule-for-DESY/helium-vessel-engineering-note/
These include: 

“Helium vessel to cavity weld description”.  This PowerPoint file by Mike Foley describes the helium vessel weld setup and process.

“PQR and WPS for Titanium GTAW on Helium Vessel”.  This document includes the Procedure Qualification Record (PQR) and Welding Procedure Specification (WPS) for the titanium GTAWs on the 3.9-GHz helium vessel.

“Dan Watkins' Welder Performance Qualification”.  Dan Watkins made the final closure titanium TIG weld on the cavity 5 helium vessel.

“Weld Sample Photos from Dressed Cavity 5”.  From Mike Foley: "Attached [in this folder] you will find the final EB weld samples we did before welding the bellows to the end cans on the helium vessel for cavity No. 5. The samples were cut at 90 degree increments. The thickness of the material at the weld joint was 4 mm. Our goal was ~ 3 mm penetration. In the pictures the orientation of the weld was from the bottom up. The enhanced grain structure indicates the fused material. You can see from the small gap remaining that we achieved a minimum penetration of ~ 0.130" (~ 3.3 mm). The same weld parameters were used to do the final welds."
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Figure A29 - Welds forming the Cavity #5 Helium Vessel Pressure Boundary

Weld Details:  Weld numbers 1, 3, 5 from Figure A29

[image: image41]
	Weld Number
	Weld Description
	Type of weld
	Full Penetration or Partial Penetration
	Location of  Weld Stress Calculation in this Eng. Note

	1
	Cavity end cell to niobium tube end flange, input coupler end
	EBW
	Full
	Page 21

Figure A.6

SCL Z



	3
	Niobium Titanium large conical end cap A to niobium tube end flange, input coupler end
	EBW
	Full
	Page 21

Figure A.6

SCL Y

	5
	Niobium tube end flange to niobium tube, input coupler end
	EBW
	Full
	Out from the pressure boundary


Weld Details:  Weld numbers 2, 4, 6 from Figure A29

[image: image42]
	Weld Number
	Weld Description
	Type of weld
	Full Penetration or Partial Penetration
	Location of  Weld Stress Calculation in this Eng. Note

	2
	Cavity end cell to niobium tube end flange, non-input coupler end
	EBW
	Full
	Page 21

Figure A.6

SCL Z



	4
	Niobium Titanium small conical end cap B to niobium tube end flange, non-input coupler end
	EBW
	Full
	Page 21

Figure A.6

SCL J

	5
	Niobium tube end flange to niobium tube, non-input coupler end
	EBW
	Full
	Out from the pressure boundary


Weld Details:  Weld numbers 7, 8 from Figure A29

[image: image43]
	Weld Number
	Weld Description
	Type of weld
	Full Penetration or Partial Penetration
	Location of  Weld Stress Calculation in this Eng. Note

	7
	Titanium bellows to titanium tube
	EBW
	Partial (75%)
	-



	8
	Titanium bellows to titanium tube
	EBW
	Partial (75%)
	-


Weld Details:  Weld number 9 from Figure A29
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	Weld Number
	Weld Description
	Type of weld
	Full Penetration or Partial Penetration
	Calculated Weld Thickness Required, mm.
	Measured Weld Thickness Available, mm.
	Location of  Weld Stress Calculation in this Eng. Note

	9
	Large Niobium -Titanium End Cap A to  seamless titanium tube, coupler end
	EBW
	Partial (90%)
	0.25
	1.5
	Page 22

Figure A.6

SCL X


Weld Details:  Weld numbers 10, 11 from Figure A29
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	Weld Number
	Weld Description
	Type of weld
	Full Penetration or Partial Penetration
	Calculated Weld Thickness Required, mm.
	Measured Weld Thickness Available, mm.
	Location of  Weld Stress Calculation in this Eng. Note

	10
	Niobium-Titanium conical end B to Titanium spacer ring, non-coupler end
	EBW
	Partial (60%)
	0.3
	2.4
	Page 22 

Figure A.6

SCL K

	11
	Titanium spacer ring to seamless titanium tube, non-coupler end
	TIG
	Partial (75%)
	0.9
	3.0
	Page 22

Figure A.6

SCL W



Supplemental Analysis of the 3.9 GHz Helium Vessel: Stress Analysis of the TIG welded joints 
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Figure A30 - TIG welding representation for the F.E. study

Since the previous 3D F.E. analysis has clarified that the helium weight and assembly weight have no effect on the final stress values, a 2D axial symmetric model has been used in order to obtain an accurate solution, reducing the computational cost and the time necessary to complete the simulations.

The geometry of each Ti welding has been parameterized choosing the welding depth as free parameter. As shown in Fig 1 this parameter is equivalent to:

-Throat of welding #10

-Throat of welding #9

-Leg of welding #11

Starting from the nominal penetration value, the welding depth has been gradually decreased until when the origin of stress above the Ti allowable has been observed.  The nominal values have to be here considered as the welding depths used in the 3D F.E. model. Also, it must be noted that these values are already more conservative than the real ones. 

Usually a welding area is characterized by the presences of geometric singularities which are cause of localized stress concentrations. The finer is the mesh size the larger will be the value of the total stress near a geometric singularity.  In order to avoid problems related with this issue, each sharp edge present in the welding area has been replaced with a small radius.

Since the total stress diverges with the mesh refinement, the total stress map can not be considered a valid tool to use for this particular study.  On the other hand, it has been observed that the sum of intensity membrane stress + intensity bending stress linearized along proper classification lines, remains almost constant within a wide range of mesh sizes (Fig.A31).

This way to proceed is perfectly consistent with the ASME code sec. VIII div. 2 specifications.  Since the higher stresses are localized on the Titanium components of the assembly, and by the fact that the Ti allowable is lower than the Nb-Ti allowable, the resultant stresses in the welded regions have been compared with the Ti allowable (66 MPa).
In this study both 1st and 2nd load cases contained in the Eng. Note have been considered.  Total stress values diverge with the mesh refinement. On the other hand, the sum of membrane stress + bending stress is not affected by the mesh size. For this reason, and in order to be consistent with the ASME code specifications, these stresses have been compared with the Ti allowable.


Figure A31 - Stress rate vs. mesh element size (calculated for the welding #10 with 2mm depth)

Another important parameter that influences the joint behaviour is the gap size between two components in the welding region. Usually, the presence of a gap causes the origin of contact phenomena, which could additionally increase the stress values in the welding region. In real joints the gap size is about 0.1mm or lower.  The higher stress values have origin with the 0.1mm gap, keeping fixed all the other free parameters (welding penetration and mesh size).  The simulations have been performed using a 0.1mm gap.



 

Figure A32 - Stress rate vs. welding region gap size (calculated on the welding #10 with a 0.1mm element size and 2mm welding depth)

In the evaluation of the minimal welding penetration required not to exceed the allowable stress limit, the following criteria has been used:

Primary membrane stress + Primary bending stress < Ti Allowable = 66MPa


Figure A33 - Welding stress rate for the #10 and #9 welding (gap set at 0,1mm)

As shown in this diagram, the minimum welding depths causing the origin of a stress field exceeding the Ti allowable, are: 0.25mm for the #9 (6 times lower than the nominal depth) welding and 0.3mm for the #10 (8 times lower than the nominal depth)


Figure A34 - Welding stress for weld #11

For weld #11, the minimum depth is 0.9mm against a nominal welding depth of 3mm.
System Venting Verification


The helium vessel must be protected against various sources of pressure, listed in Table A25.  In order to easily illustrate the severity of the various flow conditions, the mass flow squared divided by density is listed in the last column.  The pressure drop through the vent piping is proportional to mass flow squared divided by density, which can be converted to units bar-cm4. We can neglect a small dependence of friction factor on the Reynolds number in comparing vent line requirements since the friction factor variation goes in our favor; higher Reynolds numbers provide lower friction factors.  One can see that by far the largest venting requirement comes from loss of insulating vacuum.   

Table A25 - Helium vessel pressure sources

	Source of helium pressure
	Maximum flow rate (grams/sec)
	Helium temperature in vent line (K)
	Density at the MAWP of 2.0 bar (grams/cc) 
	Mass flow squared / density (bar-cm4)

	Warm helium supply from cryoplant *
	5.1
	300
	0.00032
	0.081

	Cold helium supply from cryoplant 
	64 
	8.0
	0.0135
	0.303

	Loss of insulating vacuum
	762
	8.0
	0.0135
	43.01

	Loss of cavity vacuum 


	294
	8.0
	0.0135
	6.40



*Warm flow rate from two valves each with Cv = 0.32, 65 psia, 300 K inlet.  

For the helium system, we have two relief devices: 

1.  A burst disk of 3.0-inch diameter with a set pressure of 12-psig (SV-H1).  The following are the specifications from the rupture disk manufacturer:  

BS&B LPS Rupture Disk 

3 inch disk size

316SS disk material

12 psig burst pressure @ 72 degrees F

5% manufacturing range (11.4-12.0 psi actual burst pressure range with burst pressure tolerance of +/-10%)

Full vacuum resistance

ASME certification/UD stamped

2. A small check valve mounted just below the rupture disk serves as an operational relief.  

Vendor/Model : Hylok 700 CV5-F12N-25

Size: 3/4" pipe Cv=5.2

Set point: 5 psig 
Rating: 1500 psig

For the RF cavity vacuum, there is a burst disk that ruptures a pressure above atmospheric pressure (SV-RF01).  This is an MDC vacuum products burst disk, reference # BDA-M, opens at just over 1 atm, 0.75-inch
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Figure A35  - Helium pumping line which serves also as the large relief venting line.  Reference drawings are available at:

http://ilc-dms.fnal.gov/Workgroups/CryomoduleDocumentation/3rd-Harmonic-Cryomodule-for-DESY/  in the folder “Horizontal Test Cryostat Drawings”.  


The schematic for the 3.9-GHz helium vessel within the HTS is shown in Drawing ME-440302 (Figure A36).


[image: image48.emf]
Figure A36 – P&ID of Horizontal Test Stand (Drawing 4906.320-ME-440302 Rev B) 
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Figures A37 – A 38 are photos of the vent piping for the horizontal test cryostat downstream of the rupture disk.  

[image: image51.jpg]



Figure A39.  Vent piping exit outside the cave.  

Table A26 – Component List for Horizontal Test Stand (for P&ID drawing 4906.320-ME-440302)

[image: image52.emf]Tag ACCNET APACS Location Type Model Company Range Readback

Instrumentation

CALLH1 Z:CALLH1 SMTA_CALLH1LHe level dewar Liquid level sensor 12-inch active AMI 0 -100 % 4-20 mA

CAPTV1 Z:CAPTV1SMTA_CAPTV1Cryostat insulating vacuum Pressure transducer ITR90 Ionivac Leybold 3.75E-10 - 750 torr 0-10 V

CAPTH6 Z:CAPTH6SMTA_CAPTH6Helium pumping line

Pressure transducer (high 

range) FPA Sensotec 0-50 psia 4-20 mA

CAPTH7 Z:CAPTH7SMTA_CAPTH7Helium pumping line

Pressure transducer (low 

range) 230EA-00100BC MKS 0-100 torr 4-20 mA

CAHTH1 Z:CAHTH1SMTA_CAHTH1LHe level dewar Cartridge heater E1J39 Watlow 120V-50W I/O

CATPN9 Z:CATPN9SMTA_CATPN980K Thermal shield Platinum temperature sensorPT102 Lake Shore 40 K-300 K 4-20 mA

CATXH6 Z:CATXH6SMTA_CATXH65K Thermal shield

Cernox resistor temperature 

sensor CX-1050-SD Lake Shore 0.1K-300K 4-20 mA

CATXH7 Z:CATXH7SMTA_CATXH7Dressed RF cavity cart

Cernox resistor temperature 

sensor CX-1050-SD Lake Shore 0.1K-300K 4-20 mA

CATXH8 Z:CATXH8SMTA_CATXH8LHe level dewar

Cernox resistor temperature 

sensor CX-1050-SD Lake Shore 0.1K-300K 4-20 mA

Tag ACCNET APACS Description / Location Type Model Company Range Size

Valves

CASVH1 -- -- Helium pumping line  Rupture disk LPS BS&B

Set point 12 psig @ 

72 deg F 3-inch

CASVHC -- -- Cryostat insulating vacuum

Fermi vacuum safety relief 

valve 1620-MB-106391 Fermilab

Set point 1 psig @ 

room temp 2.625-inch ID

Tag ACCNET APACS Description / Location Type Model Company Pump Speed Operating pressure

Vacuum Pumps

PUMP-VV01 -- -- Cryostat insulating vacuum Turbomolecular pump ATP 80 Alcatel 80 L/sec 3.75E-9 torr

PUMP-VV01 -- -- Cryostat insulating vacuum

Roots pump

ACP 15  Alcatel 14 m^3/hr 3.7E-2 torr



Temperature of relief flow (CGA S-1.3—2005 paragraph 6.1.3 and 6.1.4)


Calculations return the result that the helium remains slightly below the critical pressure of 2.27 bar in even the worst case (loss of insulating vacuum).  The temperature at 2.0 bar is 5.03 K and at the critical pressure is 5.19 K.  These calculations are iterative; I use the calculation of worst case mass flow = 762 gr/sec = 2743 kg/hr in the CGA formulas.  From 6.1.4(b), the temperature of 5.03 K is corrected to 5.044 K.  We have conservatively used 8.0 K in the loss of vacuum accident analysis.  

Primary relief sizing (CGA S-1.3—2005 paragraph 6.2.2) 


Primary relief calculation provides a requirement of 137 SCFM air capacity at 1.0 bar gauge, equivalent to about ½ inch diameter orifice.  The inputs are F (correction factor for expansion of the warming fluid as it vents) = 1.0, U based on thermal conduction through 1 inch of helium gas at 80 K, area of the thermal shield = 6.16 sq. m.  The check valve is ¾ inch.  


The equation for metric units in CGA-S1.3—2005, 6.1.4(a), converts 137 SCFM air capacity to 197 grams/sec helium capacity for helium at 2.0 bar, 8.0 K.  This flow rate (based on CGA formulas for loss of vacuum to lading, helium in this case) is less than the loss of vacuum to air flow requirement.  

Fire relief sizing (CGA S-1.3—2005 paragraph 6.3.2)

The fire relief calculation provides a requirement of 1045 SCFM air capacity at 1.0 bar gauge, equivalent to about 2-inches diameter.  Our secondary relief, a 3-inch rupture disk, covers this case.  The inputs are F = 7.3 (gas in the fire warms to about 54 K per 6.1.4(b)).  Insulation breaks down so use uninsulated container formulation, surface area of cavity vessel = 0.13 sq. m. 


From our review panel we have a suggestion with which we agree, quoted here:  “For the fire condition, it is suggested that the argument be made that this case is identical to the loss of cryostat  vacuum since it is an uninsulated vessel. For an uninsulated vessel, the heat load to the vessel is driven by air condensation/freezing as opposed to insulated vessels considering a temperature gradient across the insulation resulting gas conduction. The fact that there is a fire externally does not affect the vessel since it is shielded from the radiation; only the resulting letting up of the cryostat vacuum and resulting condensation/freezing drives the relieving requirements. We believe that this results in about a factor of four lower maximum relieving flow rate and the resulting relief system pressure drop is considerably more favorable.”
Secondary relief sizing


The secondary relief requirement is calculated by the amount of helium vaporization due to loss of either insulating vacuum or loss of vacuum from an air leak in the RF cavity.  The helium boil-off is calculated based on the total surface area of the cold mass.  For the loss of insulating vacuum, the total surface area includes the helium vessel and the associated piping leading to the burst disk.  The total surface area is 5065-cm2 (785-in2, details below in Table A27).  References for air condensation on a helium vessel with just one layer of MLI use a heat flux of 2.0-W/cm2 [6,7].  Since our helium vessel is covered with magnetic shielding, we use this heat flux as a conservative estimate.  For helium at 2.0-bar, the heat absorbed per unit mass of efflux, equivalent to a latent heat (LH) but including the effect of significant vapor density, is 13.3 J/g.  So the maximum mass flow rate can be calculated:
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Where
Acold_mass = total surface area of cold mass = 5065-cm2

Q = heat flux = 2.0-W/cm2

LH = effective latent heat for helium at saturated temperature, 2.0 bar = 13.3-J/g


If there is a loss of vacuum from an air leak in the RF cavity, the heat flux of 4.0-W/cm2 is used [8].  The total surface area of the RF cavity is 955-cm2 (148-in2).  The maximum mass flow rate is thus approximately 294 g/sec.  (With lower pressure at the vessel, flow is lower due to higher latent heat, so the use of 13.3 J/g from the 2.0 bar pressure at higher flows here is conservative.)  Thus, the maximum mass flow rate is caused by helium vaporization due to loss of insulating vacuum in the test cryostat.  This mass flow rate of 762 g/sec can be used to size the relief system.

 
A diameter is calculated that is required for the given mass flow rate using the resistance to flow method that is presented by Fike [9].  Knowing the geometry of the helium venting line from the helium vessel, the burst disk, and venting line leading to the exit at the atmospheric discharge, the flow resistance K is calculated for small sections of the vent line [10].  For each section, a pressure drop is calculated based on the helium inlet pressure into that section.  It is assumed that the helium remains at 8°K for each section.   Viscosity is also assumed constant; it varies from about 0.00204 cP at 8 K, 2 bar, so about 0.00196 cP at 8 K, 1 bar.  


The vent line includes the piping within the HTS that connects the helium vessel to the burst disk, the burst disk itself, and the line leading from the burst disk to a discharge to atmosphere.  First, the flow resistance value for each piping component is determined.  Note that the flow resistance value is calculated in terms of one diameter, which is 1.68-inch (the smallest diameter of the piping within the HTS).  The following the equation is used to determine the flow resistance:
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Where 
Ka = the resistance coefficient in terms of the common flow diameter da
Kb = the resistance coefficient in terms of the flow diameter where the component is installed


da = the flow diameter in terms of the common flow diameter = 1.68 inch


db = the flow diameter where the component is installed (inch)


Once the flow resistance is determined, the pressure drop through the vent line is calculated.  The pressure drop was calculated for helium at a constant temperature of 8 K.  This is done by calculating the pressure drop in small sections of the vent line, using the equation
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This is Darcy’s Formula in a form which may be found in Crane Technical Paper No. 41, “Flow of Fluids through Valves, Fittings, and Pipe”.  

Where
P = pressure drop (psi)


K = Ka = the resistance coefficient of the section


W = mass flow rate = 0.762/0.9 = 0.846-kg/sec = 6717-lbm/hr


V = helium specific volume (ft3/lbm)


d = da = flow diameter = 1.68-inch


For straight sections of pipe, a friction factor is calculated based on Reynolds number assuming (Tom’s conclusion from looking at Mayling’s numbers) a roughness k/D = 0.001.  (Note that PVC pipe is nominally smoother than stainless.)  

The following table shows the pressure drop calculations for each section.  If the inlet helium pressure at the helium vessel (the entrance into the vent line) is 2.0-bar at 8 K, the final pressure at discharge is calculated to be 1.43 bar.  Since the pressure at discharge is actually 1.0 bar, the maximum helium vessel pressure will be less than 2.0 bar. 

Helium properties are taken from NBS/NIST “Thermophysical Properties of Helium-4”.  [Ref 13]  
Table A27.  Surface area estimate for the external surface of the helium vessel


[image: image56.emf]Surface area calculations for helium pumping line

Horizontal Test Cryostat and Cavity #5 of 3.9-GHz cryomodule

Helium Vessel - Assembly Number and Name Part Name Drawing Number

SA of flow 

path (in^2)

ME-426321:  Cavity Weldment, Nb, 9 Cell End Cap, Vessel, Small MB-426336 17.8

End Cap, Vessel, Large MB-426325 24.0

ME-426450:  Helium Vessel Weldment Tube, Helium Vessel Supply A0 MB-426278 15.6

Shell, Helium Vessel - Helium Supply Line MD-426251 84.9

Bellows Weldment MC-457114 33.8

Shell, Helium Vessel MD-426250 85.7

MD-441780: 3.9GHz Cavity He Supply Line Cavity Helium Supply Flange MB-441781 2.9

90` Elbow MB-441782 12.5

Pipe, 1.5" Sch 10 x 3.5"LG MD-441780, Item 6 18.5

90` Elbow, 1.5" Sch 10, LR MD-441780, Item 4 18.7

Reducer MD-441780, Item 5 11.7

Pipe, 2 Sch 10 x 7.6"LG MD-441780, Item 7 51.4

Helicoflex Flange MA-441524 7.2

MD-441523:  3.9GHz Liquid Level Dewar Assy Helicoflex Flange MA-441524 7.2

Pipe, 2 Sch 10 x 3.5"LG MD-441523, Item 2 23.7

Modified Tee MB-441525 33.9

Modified Elbow MB-441526 21.5

90` Elbow, 2" Sch 10, SR MD-441523, Item 8 21.3

Pipe, 2" Sch 10 x 0.5"LG MD-441523, Item 9 3.4

Helicoflex Flange MA-441524 7.2

MB-441533:  Flexhose Subassy Helicoflex Flange MA-441524 7.2

Flexhose MB-441025 113.9

Helicoflex Flange MA-441524 7.2

Total Surface Area of Cryostat Helium Return Line (in^2) 631.2


Table A27 represents a recent recalculation of surface area and results in a somewhat lower number than what was previously used in the analysis, but the analysis has not been modified.  This sum of areas includes all liquid-filled and cold volumes up to the start of the vertical portion of the vent line.  So although for example the flex hose should not be full of liquid helium, it is horizontal, just above the vessel, and is included here.  


[image: image57.emf]Revised March 5, 2008 by D. Olis with corrections provided by M. Cooper.

Another revision March 28, 2008, by Tom Peterson (rev's in red)

Minor corrections on July 22, 2008

Method:  calculate the pressure drop step-by-step through the vent line

adjust density for new pressure at each step

iterate to find vessel pressure which results in approx. 1 bar at vent exit

Adjusted mass flow rate helium 0.846kg/sec Divided predicted flow by 0.9 

6717.1lbm/hr

Helium temperature 8K (assume constant through entire vent line)

Helium pressure in 1.7-inch pipe 2.00bar

absolute viscosity 2.00E-03cP

d_1-684 1.68inch

Re_1-684 1.26E+07(for 1.684-inch diameter pipe)

f_1-684 0.020(for 1.684-inch diameter pipe)

d_1-76 1.760inch

Re_1-76 1.20E+07(for 1.76-inch diameter pipe)

f_1-76 0.020(for 1.76-inch diameter pipe)

Helium pressure in 2.16-inch pipe 1.78bar

absolute viscosity 2.00E-03cP

d_2-16 2.16inch

Re_2-16 9.81E+06(for 2.16-inch diameter pipe)

f_2-16 0.019(for 2.16-inch diameter pipe)

d_2 2.00inch

Re_2 1.06E+07(for 2-inch diameter pipe)

f_2 0.019(for 2-inch diameter pipe)

Helium pressure in 3-inch pipe 1.47bar

absolute viscosity 2.00E-03cP

d_3-26 3.26inch

Re_3-26 6.50E+06(for 3-inch diameter pipe)

f_3-26 0.0175(for 3-inch diameter pipe)

Helium pressure in 4-inch pipe 1.45bar

absolute viscosity 2.00E-03cP

d_4-26 4.00inch

Re_4-26 5.30E+06(for 4-inch diameter pipe)

f_4-26 0.0161(for 4-inch diameter pipe)

Helium pressure in 6-inch pipe 1.43bar

absolute viscosity 2.00E-03cP

d_6-357 6.00inch

Re_6-357 3.53E+06(for 6-inch diameter pipe)

f_6-357 0.015(for 6-inch diameter pipe)




[image: image58.emf]Beta is smaller dia / larger dia for a fitting

Ref is reference dia (1.68) / actual or downstream dia Assume T=8K at each section

K K x Ref^4 L d fT r r/d Beta Ref K_R Total K for section He pressure He density He spec volPress dropPress drop

(inch) (inch) (bar) (kg/m^3) (ft^3/lbm) (psi) (bar)

Piping within HTC Vent line on vessel - entrance 2.00 13.45 1.191 1.57 0.11

Entrance into vent pipe 1.0000 0.8381 0.96 0.84

Vessel supply pipe 0.0346 0.0290 3.05 1.76 0.96

Sudden contraction 0.0422 0.0422 0.961.00

SR 90 deg pipe bend 0.4000 0.4000 1.68 0.0200 1.5 0.89 1.00 Vent line on vessel - elbows, run & contract 1.89 12.65 1.266 1.64 0.11

Straight run 0.0416 0.0416 3.50 1.68 1.00 0.82

LR 90 deg bend 0.2800 0.2800 1.68 0.02002.25 1.34 1.00 Vent line on vessel - run to dewar 1.78 11.82 1.355 0.05 0.00

Gradual enlargement 0.0849 0.0314 0.780.78

Vent line to LL dewar 0.0669 0.0247 7.60 2.16 0.78 0.02

Thru LL dewar Vent line through LL dewar 1 1.78 11.80 1.358 0.32 0.02

  straight run 0.0405 0.0149 4.60 2.16 0.78 0.15

  tee thru 0.3700 0.1367 2.16 0.0185 0.78 Vent line through LL dewar 2

  2-90 deg bends 0.5705 0.2108 2.16 0.0185 2.3 1.06 0.78 0.22 1.75 11.63 1.377 0.47 0.03

  straight run 0.0211 0.0078 2.40 2.16 0.78

Sudden contraction 0.0713 0.0359 0.930.84 Flexhose

Flexhose assy 0.9766 0.4909 25.70 2.00 0.84 0.54 1.72 11.40 1.406 1.19 0.08

Sudden expansion 0.0277 0.0102 0.930.78

Pumping line weldment Components of pumping line weldment

  helicoflex flange 0.0106 0.0039 1.20 2.16 0.78 0.16 1.64 10.80 1.483 0.38 0.03

  90 deg bend 0.3700 0.1367 2.16 0.0185 2 0.93 0.78 0.41 1.61 10.61 1.509 0.97 0.07

  straight run 0.0554 0.0205 6.30 2.16 0.78

  tee branch 1.1100 0.4101 2.16 0.0185 0.78

Helium vent line branch Components of helium vent line branch

  straight run 0.1152 0.0426 13.10 2.16 0.78 0.32 1.55 10.13 1.581 0.81 0.06

  90 deg bend 0.3700 0.1367 2.16 0.0185 2 0.93 0.78 0.12 1.49 9.73 1.646 0.30 0.02

  flex hose 0.2639 0.0975 7.50 2.16 0.78

  straight run 0.1297 0.0479 14.75 2.16 0.78

Expansion 2 to 3-inch 1.6329 0.1163 0.660.52

3-inch diameter piping Cmpts of 3-in diameter piping

BS&B LPS burst disk 0.7900 0.0784 3.00 0.56 0.79 0.08 1.47 9.58 1.672 0.21 0.01

Straight run 0.3865 0.0275 72.00 3.26 0.52 0.03 1.46 9.48 1.690 0.07 0.01

Expansion 3 to 4-inch 0.2555 0.0080 0.820.42 0.01 1.45 9.44 1.696 0.02 0.00

4-inch diameter piping Discharge line to atmosphere

Straight runs total length 0.8694 0.0273 216.00 4.00 0.42 0.03 1.45 9.43 1.698 0.07 0.01

90 deg elbow 0.4830 0.0152 4.00 0.42 0.02 1.44 9.40 1.705 0.04 0.00

90 deg elbow 0.4830 0.0152 4.00 0.42 0.02 1.44 9.38 1.708 0.04 0.00

90 deg elbow 0.4830 0.0152 4.00 0.42 0.02 1.44 9.36 1.712 0.04 0.00

90 deg elbow 0.4830 0.0152 4.00 0.42 0.02 1.44 9.34 1.716 0.04 0.00

Expansion 4 to 6-inch 1.5625 0.0030 0.670.28 0.00 1.43 9.32 1.719 0.01 0.00

6-inch diameter piping

Straight run 0.2400 0.0015 96.00 6.00 0.28 0.00 1.43 9.31 1.720 0.00 0.00

Exit 1.0000 0.0062 6.00 0.28 0.006205308 1.43 9.31 1.720 0.02 0.00

Total K 3.82 473.70 Final calculated P at discharge (bar) 1.43 Total dP 8.26 0.57

1203.2 Subtraction arithmetic check 0.57

Notes (Tom P.) 

In cell B52 fixed one more inverted use of Beta

Multiplied K for flex hose by 4 to account for bellows convolutions.  

The following all look over-estimated, but I left them as is in the spreadsheet.  

3-inch piping above burst disk looks like 14 inches long total.  

4-inch stainless and PVC vent line looks like 184 inches long with three (not four) 90 degree elbows.  

The last elbow is actually in the 6-inch PVC, which does total about 96 inches long.  



Appendix B – 2.3 bar Pressure Test  

The dressed cavity was pressure tested in the horizontal test cryostat in accordance with the following procedure.  

	 
	

	Date:
	13 March 2008


EXHIBIT B

Pressure Testing Permit*

Type of Test:
 [ ]Hydrostatic
 [x] Pneumatic

	Test Pressure
	19
	psig
	Maximum Allowable Working Pressure
	14.5
	psig


Items to be Tested
	Dressed 3.9 GHz cavity #5 in HTS at Meson Lab.  

	

	


	Location of Test
	Meson Lab
	Date and Time
	


Hazards Involved
	Helium pressure of 2.3 bar (33.5 psi) differential (with cavity vacuum and insulating vacuum) within approximately 4 liter volume.  

	

	


Safety Precautions Taken

	Helium vessel is inside of a large, stainless steel vacuum vessel which would protect personnel from any rupture and is itself relieved from over-pressure.  Procedures follow FESHM 5034, Pressure Vessel Testing.  

	

	


Special Conditions or Requirements

	23 psig relief valve on supply gas line.  Relief cannot be valved off.  Helium exit line on HTC is internally disconnected and capped to prevent pressure from reaching the 12 psig rupture disk.  There is vacuum within the helium vessel and during the test the insulating vacuum around the helium vessel will be evacuated, providing 33.5 psid differential pressure, which is 1.15 times the MAWP of 29 psid.  

	

	See drawing number 5520.320-ME-458565 for test flow schematic.  


	Qualified Person and Test Coordinator
	Bill Soyars (AD cryo) and Tom Peterson (TD, SRF) 

	Dept/Date
	Harry Carter (TD, SRF) or designee while Tom on furlough.  

	
	

	Division/Section Safety Officer
	

	Dept/Date
	


Results

	

	

	

	

	

	


	Witness
	
	Dept/Date
	

	
	(Safety Officer or Designee)
	
	


· Must be signed by division/section safety officer prior to conducting test.  It is the responsibility of the test coordinator to obtain signatures. 

Test Procedure

	See drawing number 5520.320-ME-458565 for test flow schematic. 

Following paragraph 8.3 of Section VIII, Div 2 of the ASME pressure vessel code:  

The pressure in the vessel shall be gradually increased to not more than half the test pressure, or 2 psig in vacuum (16.5 psia).  Then increase pressure in steps of 2 to 3 psi until the final test pressure of 19 psig (33.5 psia) is reached.  Then back the pressure off to the MAWP of 14.5 psig (29 psia) and stop.  Verify that no leaks occur by watching the insulating vacuum pressure for 3 minutes.  




Appendix C – Cavity processing information  

The bare niobium cavity #5 was processed and baked as described in the tables below, excerpted from Allan Rowe’s spreadsheet, Cav_5_processing_chart.xls.  


[image: image59.emf]Vacuum 

Leak 

Check

Degrease / 

Ultrasonics

Step

Date

He sensitivity 

<1e-10 Torr-l/s

Micro90/US (YES 

/ NO)

Caret 1Caret 2Caret 3Caret 4Caret 5Caret 6Caret 7Caret 8

HOM1 

Top 

Hat

HOM2 

Top 

Hat

Leak check

Yes

Degrease

Yes

Measurements

2.610 2.670 2.620 2.630 2.620 2.630 2.640 2.360 0.800 0.720

Outside Etch

06/04/07

2.610 2.650 2.580 2.620 2.590 2.610 2.620 2.360

Degrease

06/05/07 No

Inside Etch

06/06/07

2.490 2.590 2.550 2.550 2.560 2.550 2.590 2.320 0.760 0.680

Degrease

Yes

Degasification

Degrease

Yes

Inside Etch

06/19/07

HPR

06/19/07

HPR

06/20/07

HPR

08/06/07

HPR

10/01/07

Inside Etch

01/08/08

HPR

01/08/08

HPR

01/09/08

Estimated Thickness (mm) 2.47 2.53 2.48 2.49 2.48 2.49 2.5 2.22 0.66 0.58

Average Ultrasonic Thickness Measurements  (mm)



[image: image60.emf]Cavity 

Weight

Step

Date

Target 

Remova

l (µm)

Averaged 

Removal 

(um)

Etch 

Time 

(min.)

Achieved 

Etch 

Rate 

(um/min)

Weight 

Remove

d (g)

Input 

Coupler 

(Top/Botto

m)

DI Water 

Resistivity 

(Mohm)

BCP 

Volume 

Used (liters)

Avg. BCP 

Temp ©

Max 

BCP 

Temp (C) 

Rough 

Rinses

Grams

Leak check

Degrease

Measurements 4146.1

Outside Etch

06/04/07

20

18 20 22.3

n/a 17 11.4 12.5 13.6 10

4123.8

Degrease

06/05/07

Inside Etch

06/06/07

80

55

60 0.9 68.3 Top 16.5 11.4 12.4 13.9 10

4055.5

Degrease

Degasification

Degrease

Inside Etch

06/19/07

20 32.5 20 1.625 Top 18 11.4 14.5 16.5 10

HPR

06/19/07

HPR

06/20/07

HPR

08/06/07

HPR

10/01/07

Inside Etch

01/08/08

20 37.5 20 1.875 Bottom 18 13.3 12.5 14.1 10

HPR

01/08/08

HPR

01/09/08

140 142.5

BCP Etching



[image: image61.emf]Hydrogen Bake Out

Step

Date

Plateau 

Time (hr.)

Plateau 

Temp. (˚C)

Max Tot. 

Pressure 

(Torr)

Beginning H2 

Pressure @ 

800C (Torr)

End H2 

Pressure after 

2hrs (Torr)

No. of 

Passes

UPW 

Bacteria 

Count 

(CFU/liter)

TOC (ppb)

UPW 

Resistivity 

(Mohm)

Leak check

Degrease

Measurements

Outside Etch

06/04/07

Degrease

06/05/07

Inside Etch

06/06/07

Degrease

Degasification

2.4 825 1.10E-07 2.20E-051.40E-06

Degrease

Inside Etch

06/19/07

HPR

06/19/07 25 11 16 18.2

HPR

06/20/07 25 11 16 18.2

HPR

08/06/07 25 25 17 18.2

HPR

10/01/07 25 7 10 18.2

Inside Etch

01/08/08

HPR

01/08/08 25 13 13 18.2

HPR

01/09/08 25 13 13 18.2

High Pressure Rinse
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The 3.9-GHz helium vessel, Cavity #5, will be cooled to 4-K in the HTC.  Part of the 


cryogenic safety analysis includes the calculation of the vessel's largest opening - the helium 


line.  Use the ASME BPVC Section VIII, Div I, UG-37 to check for sizing and reinforcement.  


First, consider 2.0-bar internal pressure.  


d 1.688:=  inch (finished diameter of opening) 


P 29.0:=  psi (internal design pressure for vessel - 2.0-bar) 


R 2.6:=  inch (inner radius of cylindrical shell) 


S 14300:=  psi (maximum allowable stress for Ti Gr 2 from Sec II, Table 1B) 


E 1.0:=  (joint efficiency as specified in UG-37 to calculate tr) 


tr
P R⋅


S E⋅ 0.6 P⋅−
:=  


tr 5.279 10
3−


×=  inch (minimum required thickness of shell) 


F 1:=  (correction factor, as defined in UG-37) 


tn 0.105:=  inch (nozzle wall thickness) 


fr1 1:=  (as defined in UG-37 for nozzle attachment in Fig UG-40(o)) 


A d tr⋅ F⋅ 2 tn⋅ tr⋅ F⋅ 1 fr1−( )⋅+:=  


A 8.911 10
3−


×=  in^2 (required cross-sectional area of reinforcement) 


E1 1:=  (as defined for opening in a welded tube) 


t 0.1575:=  inch (specified shell wall thickness) 


A11 d E1 t⋅ F tr⋅−( )⋅ 2 tn⋅ E1 t⋅ F tr⋅−( )⋅ 1 fr1−( )⋅−:=  


A11 0.257=  


A12 2 t tn+( )⋅ E1 t⋅ F tr⋅−( )⋅ 2 tn⋅ E1 t⋅ F tr⋅−( )⋅ 1 fr1−( )⋅−:=  


A12 0.08=  


A1 A11 A11 A12>if


A12 otherwise


:=  


A1 0.257=  in^2 (area of reinforcement available in the shell) 







 


fr2 1:=  (ratio of Sn/Sv) 


En 0.7:=  (joint efficiency for butt weld in nozzle without inspection, from UW-12) 


Rn 0.844:=  inch (inner radius of  nozzle) 


trn
P Rn⋅


S En⋅ 0.6 P⋅−
:=  


trn 2.449 10
3−


×=  inch (required thickness of nozzle wall) 


A21 5 tn trn−( )⋅ fr2⋅ t⋅:=  


A21 0.081=  


A22 5 tn trn−( )⋅ fr2⋅ tn⋅:=  


A22 0.054=  


A2 A21 A21 A22<if


A22 otherwise


:=  


A2 0.054=  in^2 (area of reinforcement available in nozzle projecting outward) 


ti 0:=  inch (thickness of nozzle projecting into the vessel space) 


A3 0:=  in^2 (area of reinforcement available in nozzle projecting inward) 


Aavail A1 A2+ A3+:=  


Aavail 0.311=  in^2 (available area of reinforcement) 


Since the available area of reinforcment Aavail = 0.223-in^2 is greater than the required area  


A = 8.0E-2-in^2, the opening is adequately reinforced for an internal pressure of 1.8-bar. 


Now, consider the vessel under an external pressure of 1-bar. 


P_ext 14.5:=  psi (external pressure) 


Do 140:=  mm (outer diameter of cylindrical shell of helium vessel) 


Do
Do


25.4
:=  


Do 5.512=  inch (outer diameter of cylindrical shell of helium vessel) 







 


t_ext 0.02:=  inch (Let the minimum required thickness of the shell be assumed a value) 


Do


t_ext
275.591=  


L 102.23:=  mm (distance from shell end to support flange) 


L
L


25.4
:=  


L 4.025=  inch (distance from shell end to support flange) 


L


Do
0.73=  


A_ext 0.0004:=  (Factor A from Fig. G in Subpart 3 of Sec II) 


B_ext 3000:=  (Factor B from Fig NFT-2 in Subpart 3 of Sec II)  


Pa_ext
4 B_ext⋅


3
Do


t_ext












⋅


:=  


Pa_ext 14.514=  psi (maximum allowable external pressure for assumed t_ext) 


tr_ext t_ext:=  


tr_ext 0.02=  inch (required thickness of the shell, used to calculate the required area  


of reinforcement for external pressure) 


A_ext 0.5 d tr_ext⋅ F⋅ 2 tn⋅ tr_ext⋅ F⋅ 1 fr1−( )⋅+[ ]⋅:=  


A_ext 0.017=  in^2 (required total cross-sectional area for opening in shell wall  


that is externally pressurized) 


A11_ext d E1 t⋅ F tr_ext⋅−( )⋅ 2 tn⋅ E1 t⋅ F tr_ext⋅−( )⋅ 1 fr1−( )⋅−:=  


A11_ext 0.232=  


A12_ext 2 t tn+( )⋅ E1 t⋅ F tr_ext⋅−( )⋅ 2 tn⋅ E1 t⋅ F tr_ext⋅−( )⋅ 1 fr1−( )⋅−:=  


A12_ext 0.072=  


A1_ext A11_ext A11_ext A12_ext>if


A12_ext otherwise


:=  







 


A1_ext 0.232=  in^2 (area of reinforcement available in shell) 


Do_nozzle 48.26:=  mm (outer diameter of nozzle) 


Do_nozzle
Do_nozzle


25.4
:=  


Do_nozzle 1.9=  inch (outer diameter of nozzle) 


t_nozzle_ext 0.012:=  inch (assumed wall thickness of nozzle to calculate maximum allowable external 


pressure) 


Do_nozzle


t_nozzle_ext
158.333=  


L_nozzle 126.5:=  mm (nozzle length) 


L_nozzle
L_nozzle


25.4
:=  


L_nozzle 4.98=  inch (nozzle length) 


L_nozzle


Do_nozzle
2.621=  


A_nozzle 0.000275:=  (Factor A) 


B_nozzle 2100:=  (Factor B) 


Pa_nozzle_ext
4 B_nozzle⋅


3
Do_nozzle


t_nozzle_ext












⋅


:=  


Pa_nozzle_ext 17.684=  psi (maximum allowable external working pressure on 


nozzle for given wall thickness) 


trn_ext t_nozzle_ext:=  


trn_ext 0.012=  inch (minimum required nozzle wall thickness) 


A21_ext 5 tn trn_ext−( )⋅ fr2⋅ t⋅:=  


A21_ext 0.073=  


A22_ext 5 tn trn_ext−( )⋅ fr2⋅ tn⋅:=  







 


A22_ext 0.049=  


A2_ext A21_ext A21_ext A22_ext<if


A22_ext otherwise


:=  


A2_ext 0.049=  in^2 (area of reinforcement available in nozzle projecting outward) 


A3_ext 0:=  in^2 (area of reinforcement available in nozzle projecting inward) 


Aavail_ext A1_ext A2_ext+ A3_ext+:=  


Aavail_ext 0.281=  in^2 (available area of reinforcement for external pressure) 


Since available reinforcement area of Aavail_ext = 0.196-in^2 is greater than the required 


 reinforcement area of A_ext = 0.017-in^2, the opening is adequately sized for external pressure of 1-bar. 


Analyzing the RF cavity assembly as a cylinder under external pressure 


 


Since the RF cavity assembly is complicated in nature, a simpler analysis of a cylinder 


underexternal pressure is done.  The cylinder wall thickness is the same as the wall 


thickness of the cavity, and the cylinder diameter is the largest diameter of the individual 


cell.  The maximum allowable external working pressure is calculated with the given wall 


thickness followingUG-28.  The chart that is used is for Titanium Gr 2, which has the 


same modulus of elasticity as niobium  


Do_cylinder 2.944:=  inch (outer diameter of cylinder, equal to the outer diameter 


of the niobium cell) 


t_cylinder 0.063:=  inch (wall thickness of cylinder, equal to the minimum wall 


thickness of the niobium cell) 


Do_cylinder


t_cylinder
46.73=  Since this ratio is greater than 10, 


follow UG-28(c)(1) 


L_cylinder 12.0:=  inch (length of cylinder, equal to the length of the cavity  


"dumbbell" weldment) 


L_cylinder


Do_cylinder
4.076=  







 


E 15.2 10
6


⋅:=  psi (modulus of elasticity for niobium and titanium Gr 2) 


A 0.0009:=  (Factor A, obtained from Fig. G in  


Sec II, Subpart 3) 


B 6900:=  (Factor B, obtained from Fig. NFT-2) 


Pa_cylinder
4 B⋅


3
Do_cylinder


t_cylinder












⋅


:=  


Pa_cylinder 196.875=  psi (maximum allowable 


external working pressure) 


Analyzing the titanium helium vessel under external pressure 


 


This section analyzes the cylindrical sections of the titanium helium vessel 


under external pressure.  Given the wall thickness and length, the maximum 


allowable external working pressure is calculated.  There are two sections of 


the cylinder with the part numbers MD-426250 and MD-426251.  The 


sections are almost identical in geometry, with MD-426251 slightly longer.  


Looking at this part: 


Do_shell251 5.5:=  inch (outer diameter of cylindrical shell) 


t_shell251 0.079:=  inch (wall thickness of cylindrical shell - assume 2-mm wall 


thickness for entire length, even though this thickness occurs at 


the weld prep for the bellows) 


Do_shell251


t_shell251
69.62=  Since this ratio is greater than 10, 


follow UG-28(c)(1) 


L_shell251 5.35:=  inch (length of cylindrical shell) 


L_shell251


Do_shell251
0.973=  


E 15.5 10
6


⋅:=  psi (modulus of elasticity for Titanium Gr1) 


A_shell251 0.0025:=  (Factor A, obtained from Fig. G in 


Sec II, Part D, Subpart 3) 


B_shell251 8000:=  (Factor B, obtained from Fig. NFT-3) 







 


Pa_shell251
4 B_shell251⋅


3
Do_shell251


t_shell251












⋅


:=  


Pa_shell251 153.212=  psi (maximum allowable 


external working pressure) 


Analyzing the Nb-Ti conical joint for collapse under external pressure 


 


The Nb-Ti conical joint is analyzed for collapse under external pressure.  Given its 


dimensions found in drawing number MB-426336, determine the maximum allowable 


external working pressure, following the guidelines in UG-33.  Use the chart for Titanium 


Gr2 since it has the  same modulus of elasticity as Nb-Ti.  There are two conical sections, 


as shown in drawings MB-426325 and MB-426336.  The larger of the two sections, MB-


426325, is analyzed for collapse pressure. 


α 55:=  degrees (one-half the apex angle in the conical section) 


t 5:=  mm (thickness of conical section after forming and machining) 


t
t


25.4
:=  


t 0.197=  inch (thickness of conical section after 


forming and machining) 


t_e t cos α
π


180
⋅












⋅:=  


t_e 0.113=  inch (effective thickness of conical  


section) 


Ds 56.05:=  mm (outside diameter at the small end of the conical sec) 


Ds
Ds


25.4
:=  


Ds 2.207=  inch (outside diameter at the small end 


of the conical section) 


DL 140:=  mm (outside diameter at the large end of the conical sec) 


DL
DL


25.4
:=  


DL 5.512=  inch (outside diameter of the large end 


of the conical section) 







 


L 29.30:=  mm (axial length of the conical section) 


L
L


25.4
:=  


L 1.154=  inch (axial length of the conical sec.) 


Le
L


2












1
Ds


DL
+












⋅:=  


Le 0.808=  inch (equivalent length of conical sec.) 


DL


t_e
48.817=  Since this ratio is greater than 10, follow 


UG-33(f)(1)(a) 


Le


DL
0.147=  


A_cone 0.04:=  Factor A from Fig. G in Sec. II, Part D, 


Subpart 3 


B_cone 19000:=  Factor B from Fig. NFT-2 


Pa_cone
4 B_cone⋅


3
DL


t_e












⋅


:=  


Pa_cone 518.95=  psi (maximum allowable working 


external pressure on conical sec.) 


Nozzle reinforcement for opening attached to RF cavity 


 


Follow UG-37 to understand the nozzle reinforcement for the opening attached to the 


RF 


cavity.  Dimensions of the opening are found in drawing MB-426325. 


d 3.15:=  inch (finished diameter of opening) 


S 4700:=  psi (maximum allowed stress for niobium) 


tr 0.02:=  inch (required conical section wall thickness for P=2bar) 


F 1:=  (correction factor, as defined in UG-37) 







 


tn 0.034:=  inch (actual nozzle wall thickness) 


fr1 1:=  (as defined in UG-37 for nozzle attachment in Fig UG-40(o)) 


A d tr⋅ F⋅ 2 tn⋅ tr⋅ F⋅ 1 fr1−( )⋅+:=  


A 0.063=  in^2 (required cross-sectional area of reinforcement) 


E1 1.0:=  (as defined for opening in a welded tube) 


t 0.2:=  inch (specified shell wall thickness) 


A11 d E1 t⋅ F tr⋅−( )⋅ 2 tn⋅ E1 t⋅ F tr⋅−( )⋅ 1 fr1−( )⋅−:=  


A11 0.567=  


A12 2 t tn+( )⋅ E1 t⋅ F tr⋅−( )⋅ 2 tn⋅ E1 t⋅ F tr⋅−( )⋅ 1 fr1−( )⋅−:=  


A12 0.084=  


A1 A11 A11 A12>if


A12 otherwise


:=  


A1 0.567=  in^2 (area of reinforcement available in the shell) 


fr2 1:=  (ratio of Sn/Sv - both nozzle and attachment are made of niobium) 


En 1.0:=  (joint efficiency for butt weld in nozzle without inspection, from UW-12) 


Rn 0.787:=  inch (inner radius of  nozzle) 


trn
P Rn⋅


S En⋅ 0.6 P⋅−
:=  


trn 4.874 10
3−


×=  inch (required thickness of nozzle wall) 


A21 5 tn trn−( )⋅ fr2⋅ t⋅:=  


A21 0.029=  


A22 5 tn trn−( )⋅ fr2⋅ tn⋅:=  


A22 4.951 10
3−


×=  







 


A2 A21 A21 A22<if


A22 otherwise


:=  


A2 4.951 10
3−


×=  in^2 (area of reinforcement available in nozzle projecting 


outward) 


ti tn:=  inch (thickness of nozzle projecting into the vessel space) 


A31 5 t⋅ ti⋅ fr2⋅:=  in^2 (area of reinforcement available in nozzle projecting inward) 


A31 0.034=  


A32 5 ti⋅ ti⋅ fr2⋅:=  


A32 5.78 10
3−


×=  in^2 


h 0.077:=  inch (distance nozzle projects beyond the inner surface of the conical section) 


A33 2 h⋅ ti⋅ fr2⋅:=  


A33 5.236 10
3−


×=  in^2 


A3 A33:=  


A3 5.236 10
3−


×=  in^2 (area of reinforcement available in nozzle 


projecting inward - the smallest value of A31, 


A32, and A33) 


Aavail A1 A2+ A3+:=  


Aavail 0.577=  in^2 (available area of reinforcement) 


Determine tr for cone for external working pressure of 2-bar (29-psi) 


α 55:=  degrees (one-half the apex angle in the conical section) 


t 0.5:=  mm (thickness of conical section after forming and machining) 


t
t


25.4
:=  







 


t 0.02=  inch (thickness of conical section after 


forming and machining) 


t_e t cos α
π


180
⋅












⋅:=  


t_e 0.011=  inch (effective thickness of conical  


section) 


Ds 56.05:=  mm (outside diameter at the small end of the conical sec) 


Ds
Ds


25.4
:=  


Ds 2.207=  inch (outside diameter at the small end 


of the conical section) 


DL 140:=  mm (outside diameter at the large end of the conical sec) 


DL
DL


25.4
:=  


DL 5.512=  inch (outside diameter of the large end 


of the conical section) 


L 29.30:=  mm (axial length of the conical section) 


L
L


25.4
:=  


L 1.154=  inch (axial length of the conical sec.) 


Le
L


2












1
Ds


DL
+












⋅:=  


Le 0.808=  inch (equivalent length of conical sec.) 


DL


t_e
488.165=  Since this ratio is greater than 10, follow 


UG-33(f)(1)(a) 


Le


DL
0.147=  


A_cone 0.0009:=  Factor A from Fig. G in Sec. II, Part D, 


Subpart 3 


B_cone 7500:=  Factor B from Fig. NFT-2 


Pa_cone
4 B_cone⋅


3
DL


t_e












⋅


:=  


Pa_cone 20.485=  
psi (maximum allowable working 


external pressure on conical sec.) 
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venting calculations

		Revised March 5, 2008 by D. Olis with corrections provided by M. Cooper.

		Another revision March 28, 2008, by Tom Peterson (rev's in red)

		Minor corrections on July 22, 2008

		Method:  calculate the pressure drop step-by-step through the vent line

		adjust density for new pressure at each step

		iterate to find vessel pressure which results in approx. 1 bar at vent exit

		Adjusted mass flow rate helium		0.846		kg/sec		Divided predicted flow by 0.9

				6717.1		lbm/hr

		Helium temperature		8		K		(assume constant through entire vent line)

		Helium pressure in 1.7-inch pipe		2.00		bar

		absolute viscosity		2.00E-03		cP

		d_1-684		1.68		inch

		Re_1-684		1.26E+07		(for 1.684-inch diameter pipe)

		f_1-684		0.020		(for 1.684-inch diameter pipe)

		d_1-76		1.760		inch

		Re_1-76		1.20E+07		(for 1.76-inch diameter pipe)

		f_1-76		0.020		(for 1.76-inch diameter pipe)

		Helium pressure in 2.16-inch pipe		1.78		bar

		absolute viscosity		2.00E-03		cP

		d_2-16		2.16		inch

		Re_2-16		9.81E+06		(for 2.16-inch diameter pipe)

		f_2-16		0.019		(for 2.16-inch diameter pipe)

		d_2		2.00		inch

		Re_2		1.06E+07		(for 2-inch diameter pipe)

		f_2		0.019		(for 2-inch diameter pipe)

		Helium pressure in 3-inch pipe		1.47		bar

		absolute viscosity		2.00E-03		cP

		d_3-26		3.26		inch

		Re_3-26		6.50E+06		(for 3-inch diameter pipe)

		f_3-26		0.0175		(for 3-inch diameter pipe)

		Helium pressure in 4-inch pipe		1.45		bar

		absolute viscosity		2.00E-03		cP

		d_4-26		4.00		inch

		Re_4-26		5.30E+06		(for 4-inch diameter pipe)

		f_4-26		0.0161		(for 4-inch diameter pipe)

		Helium pressure in 6-inch pipe		1.43		bar

		absolute viscosity		2.00E-03		cP

		d_6-357		6.00		inch

		Re_6-357		3.53E+06		(for 6-inch diameter pipe)

		f_6-357		0.015		(for 6-inch diameter pipe)

																		Beta is smaller dia / larger dia for a fitting

																				Ref is reference dia (1.68) / actual or downstream dia								Assume T=8K at each section

				K		K x Ref^4		L		d		fT		r		r/d		Beta		Ref		K_R		Total K for section		He pressure		He density		He spec vol		Press drop		Press drop

								(inch)		(inch)																(bar)		(kg/m^3)		(ft^3/lbm)		(psi)		(bar)

		Piping within HTC																						Vent line on vessel - entrance		2.00		13.45		1.191		1.57		0.11

		Entrance into vent pipe		1.0000		0.8381														0.96				0.84

		Vessel supply pipe		0.0346		0.0290		3.05		1.76										0.96

		Sudden contraction		0.0422		0.0422												0.96		1.00

		SR 90 deg pipe bend		0.4000		0.4000				1.68		0.0200		1.5		0.89				1.00				Vent line on vessel - elbows, run & contract		1.89		12.65		1.266		1.64		0.11

		Straight run		0.0416		0.0416		3.50		1.68										1.00				0.82

		LR 90 deg bend		0.2800		0.2800				1.68		0.0200		2.25		1.34				1.00				Vent line on vessel - run to dewar		1.78		11.82		1.355		0.05		0.00

		Gradual enlargement		0.0849		0.0314												0.78		0.78

		Vent line to LL dewar		0.0669		0.0247		7.60		2.16										0.78				0.02

		Thru LL dewar																						Vent line through LL dewar 1		1.78		11.80		1.358		0.32		0.02

		straight run		0.0405		0.0149		4.60		2.16										0.78				0.15

		tee thru		0.3700		0.1367				2.16		0.0185								0.78				Vent line through LL dewar 2

		2-90 deg bends		0.5705		0.2108				2.16		0.0185		2.3		1.06				0.78				0.22		1.75		11.63		1.377		0.47		0.03

		straight run		0.0211		0.0078		2.40		2.16										0.78

		Sudden contraction		0.0713		0.0359												0.93		0.84				Flexhose

		Flexhose assy		0.9766		0.4909		25.70		2.00										0.84				0.54		1.72		11.40		1.406		1.19		0.08

		Sudden expansion		0.0277		0.0102												0.93		0.78

		Pumping line weldment																						Components of pumping line weldment

		helicoflex flange		0.0106		0.0039		1.20		2.16										0.78				0.16		1.64		10.80		1.483		0.38		0.03

		90 deg bend		0.3700		0.1367				2.16		0.0185		2		0.93				0.78				0.41		1.61		10.61		1.509		0.97		0.07

		straight run		0.0554		0.0205		6.30		2.16										0.78

		tee branch		1.1100		0.4101				2.16		0.0185								0.78

		Helium vent line branch																						Components of helium vent line branch

		straight run		0.1152		0.0426		13.10		2.16										0.78				0.32		1.55		10.13		1.581		0.81		0.06

		90 deg bend		0.3700		0.1367				2.16		0.0185		2		0.93				0.78				0.12		1.49		9.73		1.646		0.30		0.02

		flex hose		0.2639		0.0975		7.50		2.16										0.78

		straight run		0.1297		0.0479		14.75		2.16										0.78

		Expansion 2 to 3-inch		1.6329		0.1163												0.66		0.52

		3-inch diameter piping																						Cmpts of 3-in diameter piping

		BS&B LPS burst disk		0.7900		0.0784				3.00										0.56		0.79		0.08		1.47		9.58		1.672		0.21		0.01

		Straight run		0.3865		0.0275		72.00		3.26										0.52				0.03		1.46		9.48		1.690		0.07		0.01

		Expansion 3 to 4-inch		0.2555		0.0080												0.82		0.42				0.01		1.45		9.44		1.696		0.02		0.00

		4-inch diameter piping																						Discharge line to atmosphere

		Straight runs total length		0.8694		0.0273		216.00		4.00										0.42				0.03		1.45		9.43		1.698		0.07		0.01

		90 deg elbow		0.4830		0.0152				4.00										0.42				0.02		1.44		9.40		1.705		0.04		0.00

		90 deg elbow		0.4830		0.0152				4.00										0.42				0.02		1.44		9.38		1.708		0.04		0.00

		90 deg elbow		0.4830		0.0152				4.00										0.42				0.02		1.44		9.36		1.712		0.04		0.00

		90 deg elbow		0.4830		0.0152				4.00										0.42				0.02		1.44		9.34		1.716		0.04		0.00

		Expansion 4 to 6-inch		1.5625		0.0030												0.67		0.28				0.00		1.43		9.32		1.719		0.01		0.00

		6-inch diameter piping

		Straight run		0.2400		0.0015		96.00		6.00										0.28				0.00		1.43		9.31		1.720		0.00		0.00

		Exit		1.0000		0.0062				6.00										0.28				0.0062053081		1.43		9.31		1.720		0.02		0.00

		Total K				3.82		473.70																Final calculated P at discharge (bar)		1.43				Total dP		8.26		0.57

								1203.191																						Subtraction arithmetic check				0.57

		Notes (Tom P.)

		In cell B52 fixed one more inverted use of Beta

		Multiplied K for flex hose by 4 to account for bellows convolutions.

		The following all look over-estimated, but I left them as is in the spreadsheet.

						3-inch piping above burst disk looks like 14 inches long total.

						4-inch stainless and PVC vent line looks like 184 inches long with three (not four) 90 degree elbows.

						The last elbow is actually in the 6-inch PVC, which does total about 96 inches long.





L` table

		Determine the range of L' for relief pressure 12-psig

		Based on _Technology of Liquid Helium_ Monograph 111

		3.9-GHz helium vessel surface area								785		in^2				3.9-GHz helium vessel surface area								148		in^2

										5064.506		cm^2												954.8368		cm^2

		Heat flux for loss of insul vacuum								2		W/cm^2				Heat flux for loss of insul vacuum								4		W/cm^2

						T1				v1		h1		m1		Tx				vx		hx		mx		0.5*(m1+mx)		(m1-mx)		(hx-h1)		L`		L'		Mass flow rate		Mass flow rate

		Relief pressure				TEMP		DENSITY		Sp volume		ENTHALPY		Mass		TEMP		DENSITY		Sp volume		ENTHALPY														for helium vessel		for RF cavity

		psia		bar		[R]		[Lb/ft3]		[ft^3/lbm]		[BTU/Lb]		[lbm]		[R]		[Lb/ft3]		[ft^3/lbm]		[BTU/Lb]		[lbm]		[lbm]		[lbm]		[BTU/Lb]		[BTU/Lb]		[J/g]		[g/sec]		[g/sec]

		26.7		1.84		6		8.878		0.1126379815		-3.775		1		7		8.443		0.1184413123		-2.986		0.951002478		0.975501239		0.048997522		0.789		15.7083551724		36.5281592501		277.2932501372		104.5589834912

						7		8.443		0.1184413123		-2.986		1		8		7.782		0.1285016705		-1.924		0.9217102926		0.9608551463		0.0782897074		1.062		13.0340015129		30.3092257402		334.1890712358		126.0126943768

						8		7.782		0.1285016705		-1.924		1		9		1.971		0.5073566717		6.204		0.2532767926		0.6266383963		0.7467232074		8.128		6.8208900361		15.8612760364		638.6000708105		240.7969693757

						9		1.971		0.5073566717		6.204		1		10		1.391		0.718907261		8.756		0.7057331304		0.8528665652		0.2942668696		2.552		7.3964		17.1995650794		588.9109377627		222.0606848124

						10		1.391		0.718907261		8.756		1		11		1.145		0.8733624454		10.6		0.8231488138		0.9115744069		0.1768511862		1.844		9.5048455285		22.1025376178		458.2737138681		172.8012984777

						11		1.145		0.8733624454		10.6		1		12		0.9903		1.0097950116		12.23		0.8648908297		0.9324454148		0.1351091703		1.63		11.2493180349		26.1591284463		387.2075486312		146.0043750252

						12		0.9903		1.0097950116		12.23		1		13		0.8793		1.1372682816		13.76		0.8879127537		0.9439563769		0.1120872463		1.53		12.8850810811		29.9629266409		338.0514901426		127.46909692

						13		0.8793		1.1372682816		13.76		1		14		0.7942		1.259128683		15.23		0.9032184692		0.9516092346		0.0967815308		1.47		14.4538484136		33.6109332158		301.3606297379		113.6340718502

						14		0.7942		1.259128683		15.23		1		15		0.7261		1.3772207685		16.65		0.9142533367		0.9571266683		0.0857466633		1.42		15.8504111601		36.8584957928		274.8080675058		103.6218955181

						15		0.7261		1.3772207685		16.65		1

		50				6		9.112		0.1097453907		-3.4012		1		8		8.264		0.1210067764		-1.7582		0.9069359087		0.9534679543		0.0930640913		1.643		16.833

						8		8.264		0.1210067764		-1.7582		1		10		6.108		0.1637197119		1.563		0.7391093901		0.8695546951		0.2608906099		3.3212		11.0696397032

						10		6.108		0.1637197119		1.563		1		12		2.354		0.424808836		9.33		0.3853962017		0.6926981009		0.6146037983		7.767		8.7539096963

						12		2.354		0.424808836		9.33		1		14		1.672		0.5980861244		13.3		0.7102803738		0.8551401869		0.2897196262		3.97		11.7179032258

						14		1.672		0.5980861244		13.3		1		16		1.346		0.7429420505		16.56		0.8050239234		0.9025119617		0.1949760766		3.26		15.09

						16		1.346		0.7429420505		16.56		1		18		1.142		0.8756567426		19.56		0.8484398217		0.9242199108		0.1515601783		3		18.2941176471

						18		1.142		0.8756567426		19.56		1

								Effective

								latent heat		Heat input		Mass flow

								(J/g)		(W)		(g/sec)

				2.20				13.00		10129.01		779.15

				2.00				13.30		10129.01		761.58				Note (TomP.):  I leave the above table and associated chart for reference but use this mass flow for 2.0 bar

				1.80				13.70		10129.01		739.34





L' chart
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		8		12

		9		14
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Relief at 26.7 psia

Relief at 50.0 psia

Temperature (R)

L' (BTu/lb efflux)

Figure E1 - Heat absorbed per pound helium efflux
(Technology of Liquid Helium, Monograph 111)
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Sheet1

		Surface area calculations for helium pumping line

		Horizontal Test Cryostat and Cavity #5 of 3.9-GHz cryomodule

		Helium Vessel - Assembly Number and Name		Part Name		Drawing Number		SA of flow path (in^2)

		ME-426321:  Cavity Weldment, Nb, 9 Cell		End Cap, Vessel, Small		MB-426336		17.8

				End Cap, Vessel, Large		MB-426325		24.0

		ME-426450:  Helium Vessel Weldment		Tube, Helium Vessel Supply A0		MB-426278		15.6

				Shell, Helium Vessel - Helium Supply Line		MD-426251		84.9

				Bellows Weldment		MC-457114		33.8

				Shell, Helium Vessel		MD-426250		85.7

		MD-441780: 3.9GHz Cavity He Supply Line		Cavity Helium Supply Flange		MB-441781		2.9

				90` Elbow		MB-441782		12.5

				Pipe, 1.5" Sch 10 x 3.5"LG		MD-441780, Item 6		18.5

				90` Elbow, 1.5" Sch 10, LR		MD-441780, Item 4		18.7

				Reducer		MD-441780, Item 5		11.7

				Pipe, 2 Sch 10 x 7.6"LG		MD-441780, Item 7		51.4

				Helicoflex Flange		MA-441524		7.2

		MD-441523:  3.9GHz Liquid Level Dewar Assy		Helicoflex Flange		MA-441524		7.2

				Pipe, 2 Sch 10 x 3.5"LG		MD-441523, Item 2		23.7

				Modified Tee		MB-441525		33.9

				Modified Elbow		MB-441526		21.5

				90` Elbow, 2" Sch 10, SR		MD-441523, Item 8		21.3

				Pipe, 2" Sch 10 x 0.5"LG		MD-441523, Item 9		3.4

				Helicoflex Flange		MA-441524		7.2

		MB-441533:  Flexhose Subassy		Helicoflex Flange		MA-441524		7.2

				Flexhose		MB-441025		113.9

				Helicoflex Flange		MA-441524		7.2

		MC-441534:  Pumping Line Weldment		Helicoflex Flange		MA-441524		7.2

				Elbow, 2" Sch 10, SR		MC-441534, Item 2		21.3

				Pipe, 2" Sch 10 x 6.3"LG		MC-441534, Item 3		42.6

				Tee, 2" Sch 10		MC-441534, Item 4		20.0

		MD-440244:  Helium Relief Subassy		Modified Conflat Flange		ME-440245		2.0

				Pipe, 2 Sch 10 x 12.4"LG		ME-426450, Item 2		84.0

				90` Elbow, 2" Sch 10, SR		ME-426450, Item 3		21.3

				Pipe, 2 Sch 10 x 5"LG		ME-426450, Item 2		33.9

				Flexhose Assy		MB-440246		86.0

				Pipe, 2 Sch 10 x 4.25"LG		ME-426450, Item 2		28.8

						Total Surface Area of Cryostat Helium Return Line (in^2)		631.2
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venting calculations

		Revised March 5, 2008 by D. Olis with corrections provided by M. Cooper.

		Another revision March 28, 2008, by Tom Peterson (rev's in red)

		Minor corrections on July 22, 2008

		Method:  calculate the pressure drop step-by-step through the vent line

		adjust density for new pressure at each step

		iterate to find vessel pressure which results in approx. 1 bar at vent exit

		Adjusted mass flow rate helium		0.846		kg/sec		Divided predicted flow by 0.9

				6717.1		lbm/hr

		Helium temperature		8		K		(assume constant through entire vent line)

		Helium pressure in 1.7-inch pipe		2.00		bar

		absolute viscosity		2.00E-03		cP

		d_1-684		1.68		inch

		Re_1-684		1.26E+07		(for 1.684-inch diameter pipe)

		f_1-684		0.020		(for 1.684-inch diameter pipe)

		d_1-76		1.760		inch

		Re_1-76		1.20E+07		(for 1.76-inch diameter pipe)

		f_1-76		0.020		(for 1.76-inch diameter pipe)

		Helium pressure in 2.16-inch pipe		1.78		bar

		absolute viscosity		2.00E-03		cP

		d_2-16		2.16		inch

		Re_2-16		9.81E+06		(for 2.16-inch diameter pipe)

		f_2-16		0.019		(for 2.16-inch diameter pipe)

		d_2		2.00		inch

		Re_2		1.06E+07		(for 2-inch diameter pipe)

		f_2		0.019		(for 2-inch diameter pipe)

		Helium pressure in 3-inch pipe		1.47		bar

		absolute viscosity		2.00E-03		cP

		d_3-26		3.26		inch

		Re_3-26		6.50E+06		(for 3-inch diameter pipe)

		f_3-26		0.0175		(for 3-inch diameter pipe)

		Helium pressure in 4-inch pipe		1.45		bar

		absolute viscosity		2.00E-03		cP

		d_4-26		4.00		inch

		Re_4-26		5.30E+06		(for 4-inch diameter pipe)

		f_4-26		0.0161		(for 4-inch diameter pipe)

		Helium pressure in 6-inch pipe		1.43		bar

		absolute viscosity		2.00E-03		cP

		d_6-357		6.00		inch

		Re_6-357		3.53E+06		(for 6-inch diameter pipe)

		f_6-357		0.015		(for 6-inch diameter pipe)

																		Beta is smaller dia / larger dia for a fitting

																				Ref is reference dia (1.68) / actual or downstream dia								Assume T=8K at each section

				K		K x Ref^4		L		d		fT		r		r/d		Beta		Ref		K_R		Total K for section		He pressure		He density		He spec vol		Press drop		Press drop

								(inch)		(inch)																(bar)		(kg/m^3)		(ft^3/lbm)		(psi)		(bar)

		Piping within HTC																						Vent line on vessel - entrance		2.00		13.45		1.191		1.57		0.11

		Entrance into vent pipe		1.0000		0.8381														0.96				0.84

		Vessel supply pipe		0.0346		0.0290		3.05		1.76										0.96

		Sudden contraction		0.0422		0.0422												0.96		1.00

		SR 90 deg pipe bend		0.4000		0.4000				1.68		0.0200		1.5		0.89				1.00				Vent line on vessel - elbows, run & contract		1.89		12.65		1.266		1.64		0.11

		Straight run		0.0416		0.0416		3.50		1.68										1.00				0.82

		LR 90 deg bend		0.2800		0.2800				1.68		0.0200		2.25		1.34				1.00				Vent line on vessel - run to dewar		1.78		11.82		1.355		0.05		0.00

		Gradual enlargement		0.0849		0.0314												0.78		0.78

		Vent line to LL dewar		0.0669		0.0247		7.60		2.16										0.78				0.02

		Thru LL dewar																						Vent line through LL dewar 1		1.78		11.80		1.358		0.32		0.02

		straight run		0.0405		0.0149		4.60		2.16										0.78				0.15

		tee thru		0.3700		0.1367				2.16		0.0185								0.78				Vent line through LL dewar 2

		2-90 deg bends		0.5705		0.2108				2.16		0.0185		2.3		1.06				0.78				0.22		1.75		11.63		1.377		0.47		0.03

		straight run		0.0211		0.0078		2.40		2.16										0.78

		Sudden contraction		0.0713		0.0359												0.93		0.84				Flexhose

		Flexhose assy		0.9766		0.4909		25.70		2.00										0.84				0.54		1.72		11.40		1.406		1.19		0.08

		Sudden expansion		0.0277		0.0102												0.93		0.78

		Pumping line weldment																						Components of pumping line weldment

		helicoflex flange		0.0106		0.0039		1.20		2.16										0.78				0.16		1.64		10.80		1.483		0.38		0.03

		90 deg bend		0.3700		0.1367				2.16		0.0185		2		0.93				0.78				0.41		1.61		10.61		1.509		0.97		0.07

		straight run		0.0554		0.0205		6.30		2.16										0.78

		tee branch		1.1100		0.4101				2.16		0.0185								0.78

		Helium vent line branch																						Components of helium vent line branch

		straight run		0.1152		0.0426		13.10		2.16										0.78				0.32		1.55		10.13		1.581		0.81		0.06

		90 deg bend		0.3700		0.1367				2.16		0.0185		2		0.93				0.78				0.12		1.49		9.73		1.646		0.30		0.02

		flex hose		0.2639		0.0975		7.50		2.16										0.78

		straight run		0.1297		0.0479		14.75		2.16										0.78

		Expansion 2 to 3-inch		1.6329		0.1163												0.66		0.52

		3-inch diameter piping																						Cmpts of 3-in diameter piping

		BS&B LPS burst disk		0.7900		0.0784				3.00										0.56		0.79		0.08		1.47		9.58		1.672		0.21		0.01

		Straight run		0.3865		0.0275		72.00		3.26										0.52				0.03		1.46		9.48		1.690		0.07		0.01

		Expansion 3 to 4-inch		0.2555		0.0080												0.82		0.42				0.01		1.45		9.44		1.696		0.02		0.00

		4-inch diameter piping																						Discharge line to atmosphere

		Straight runs total length		0.8694		0.0273		216.00		4.00										0.42				0.03		1.45		9.43		1.698		0.07		0.01

		90 deg elbow		0.4830		0.0152				4.00										0.42				0.02		1.44		9.40		1.705		0.04		0.00

		90 deg elbow		0.4830		0.0152				4.00										0.42				0.02		1.44		9.38		1.708		0.04		0.00

		90 deg elbow		0.4830		0.0152				4.00										0.42				0.02		1.44		9.36		1.712		0.04		0.00

		90 deg elbow		0.4830		0.0152				4.00										0.42				0.02		1.44		9.34		1.716		0.04		0.00

		Expansion 4 to 6-inch		1.5625		0.0030												0.67		0.28				0.00		1.43		9.32		1.719		0.01		0.00

		6-inch diameter piping

		Straight run		0.2400		0.0015		96.00		6.00										0.28				0.00		1.43		9.31		1.720		0.00		0.00

		Exit		1.0000		0.0062				6.00										0.28				0.0062053081		1.43		9.31		1.720		0.02		0.00

		Total K				3.82		473.70																Final calculated P at discharge (bar)		1.43				Total dP		8.26		0.57

								1203.191																						Subtraction arithmetic check				0.57

		Notes (Tom P.)

		In cell B52 fixed one more inverted use of Beta

		Multiplied K for flex hose by 4 to account for bellows convolutions.

		The following all look over-estimated, but I left them as is in the spreadsheet.

						3-inch piping above burst disk looks like 14 inches long total.

						4-inch stainless and PVC vent line looks like 184 inches long with three (not four) 90 degree elbows.

						The last elbow is actually in the 6-inch PVC, which does total about 96 inches long.





L` table

		Determine the range of L' for relief pressure 12-psig

		Based on _Technology of Liquid Helium_ Monograph 111

		3.9-GHz helium vessel surface area								785		in^2				3.9-GHz helium vessel surface area								148		in^2

										5064.506		cm^2												954.8368		cm^2

		Heat flux for loss of insul vacuum								2		W/cm^2				Heat flux for loss of insul vacuum								4		W/cm^2

						T1				v1		h1		m1		Tx				vx		hx		mx		0.5*(m1+mx)		(m1-mx)		(hx-h1)		L`		L'		Mass flow rate		Mass flow rate

		Relief pressure				TEMP		DENSITY		Sp volume		ENTHALPY		Mass		TEMP		DENSITY		Sp volume		ENTHALPY														for helium vessel		for RF cavity

		psia		bar		[R]		[Lb/ft3]		[ft^3/lbm]		[BTU/Lb]		[lbm]		[R]		[Lb/ft3]		[ft^3/lbm]		[BTU/Lb]		[lbm]		[lbm]		[lbm]		[BTU/Lb]		[BTU/Lb]		[J/g]		[g/sec]		[g/sec]

		26.7		1.84		6		8.878		0.1126379815		-3.775		1		7		8.443		0.1184413123		-2.986		0.951002478		0.975501239		0.048997522		0.789		15.7083551724		36.5281592501		277.2932501372		104.5589834912

						7		8.443		0.1184413123		-2.986		1		8		7.782		0.1285016705		-1.924		0.9217102926		0.9608551463		0.0782897074		1.062		13.0340015129		30.3092257402		334.1890712358		126.0126943768

						8		7.782		0.1285016705		-1.924		1		9		1.971		0.5073566717		6.204		0.2532767926		0.6266383963		0.7467232074		8.128		6.8208900361		15.8612760364		638.6000708105		240.7969693757

						9		1.971		0.5073566717		6.204		1		10		1.391		0.718907261		8.756		0.7057331304		0.8528665652		0.2942668696		2.552		7.3964		17.1995650794		588.9109377627		222.0606848124

						10		1.391		0.718907261		8.756		1		11		1.145		0.8733624454		10.6		0.8231488138		0.9115744069		0.1768511862		1.844		9.5048455285		22.1025376178		458.2737138681		172.8012984777

						11		1.145		0.8733624454		10.6		1		12		0.9903		1.0097950116		12.23		0.8648908297		0.9324454148		0.1351091703		1.63		11.2493180349		26.1591284463		387.2075486312		146.0043750252

						12		0.9903		1.0097950116		12.23		1		13		0.8793		1.1372682816		13.76		0.8879127537		0.9439563769		0.1120872463		1.53		12.8850810811		29.9629266409		338.0514901426		127.46909692

						13		0.8793		1.1372682816		13.76		1		14		0.7942		1.259128683		15.23		0.9032184692		0.9516092346		0.0967815308		1.47		14.4538484136		33.6109332158		301.3606297379		113.6340718502

						14		0.7942		1.259128683		15.23		1		15		0.7261		1.3772207685		16.65		0.9142533367		0.9571266683		0.0857466633		1.42		15.8504111601		36.8584957928		274.8080675058		103.6218955181

						15		0.7261		1.3772207685		16.65		1

		50				6		9.112		0.1097453907		-3.4012		1		8		8.264		0.1210067764		-1.7582		0.9069359087		0.9534679543		0.0930640913		1.643		16.833

						8		8.264		0.1210067764		-1.7582		1		10		6.108		0.1637197119		1.563		0.7391093901		0.8695546951		0.2608906099		3.3212		11.0696397032

						10		6.108		0.1637197119		1.563		1		12		2.354		0.424808836		9.33		0.3853962017		0.6926981009		0.6146037983		7.767		8.7539096963

						12		2.354		0.424808836		9.33		1		14		1.672		0.5980861244		13.3		0.7102803738		0.8551401869		0.2897196262		3.97		11.7179032258

						14		1.672		0.5980861244		13.3		1		16		1.346		0.7429420505		16.56		0.8050239234		0.9025119617		0.1949760766		3.26		15.09

						16		1.346		0.7429420505		16.56		1		18		1.142		0.8756567426		19.56		0.8484398217		0.9242199108		0.1515601783		3		18.2941176471

						18		1.142		0.8756567426		19.56		1

								Effective

								latent heat		Heat input		Mass flow

								(J/g)		(W)		(g/sec)

				2.20				13.00		10129.01		779.15

				2.00				13.30		10129.01		761.58				Note (TomP.):  I leave the above table and associated chart for reference but use this mass flow for 2.0 bar

				1.80				13.70		10129.01		739.34





L' chart
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Relief at 26.7 psia

Relief at 50.0 psia

Temperature (R)

L' (BTu/lb efflux)

Figure E1 - Heat absorbed per pound helium efflux
(Technology of Liquid Helium, Monograph 111)
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		3.9 GHz Cavity #5 Drawing Tree

		Dwg. No.		Rev.		Description

		440598		B		Vertical Helium Vessel Weld Fixture

		426450		F		Helium Vessel Weldment Style C

		426277		A		Flange, RF Cavity, Helium Supply

		426278		B		Tube, Helium Vessel Supply

		426257		C		Flange, Vessel Tuner Stepped Ring

		457114		A		Bellows Weldment

		457116		-		Backing Ring, Bellows

		457115		-		Cuff, Bellows

		457113		-		Bellows

		426250		A		Shell, Helium Vessel

		426258		C		Flange, Helium Vessel Tuner Ring

		426251		E		Shell, Helium Vessel, Helium Supply Side

		426262		C		Flange, Helium Vessel Drain

		426260		A		Pin, Helium Vessel Invar Connection

		426321		B		Cavity Weldment

		426332		C		End Tube w/o MC, Fabricating Process

		426335		-		Conical Flange "B" Weldment

		426329		A		End Cell

		426336		A		End Cap, Vessel, Small

		426354		-		Flange, Niobium, Tube End

		426358		A		End Tube w/o MC Port

		426178		A		Flange RF Cavity, NW40

		426334		A		Flange, CF Pickup Antenna

		426333		-		Tube, Pickup Antenna

		426286		A		Formteil

		426328		B		Flange, HOM Coupler

		426582		-		HOM Coupler

		426330		A		Dumbbell Weldment, Full

		426182		-		Mid Cavity Weldment

		426183		A		Mid Cell

		426323		C		End Tube w/MC, Fabricating Process

		426324		-		Conical Flange "A" Weldment

		426325		-		End Cap, Vessel, Large

		426354		-		Flange, Niobium, Tube End

		426329		A		End Cell

		426357		A		End Tube w/ MC Port

		426328		B		Flange, HOM Coupler

		426582		-		HOM Coupler

		426327		A		Flange, Main Coupler

		426353		A		Tube, Main Coupler

		426178		A		Flange, RF Cavity, NW40

		426286		A		Formteil

		426252		C		Flange, Vessel End, Stepped
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						SCRF 3rd Harmonic 9 - Cell Cavity Processing Chart

						Cavity # 5

								Vacuum Leak Check		Degrease / Ultrasonics		Average Ultrasonic Thickness Measurements  (mm)																				BCP Etching																						Cavity Weight		Hydrogen Bake Out										High Pressure Rinse

				Step		Date		He sensitivity <1e-10 Torr-l/s		Micro90/US (YES / NO)		Caret 1		Caret 2		Caret 3		Caret 4		Caret 5		Caret 6		Caret 7		Caret 8		HOM1 Top Hat		HOM2 Top Hat				Averaged Removal (um)		Etch Time (min.)		Achieved Etch Rate (um/min)		Weight Removed (g)		Input Coupler (Top/Bottom)		DI Water Resistivity (Mohm)		BCP Volume Used (liters)		Avg. BCP Temp ©		Max BCP Temp (C)		Rough Rinses		Grams		Plateau Time (hr.)				Max Tot. Pressure (Torr)		Beginning H2 Pressure @ 800C (Torr)		End H2 Pressure after 2hrs (Torr)		No. of Passes		UPW Bacteria Count (CFU/liter)		TOC (ppb)		UPW Resistivity (Mohm)

				Leak check				Yes

				Degrease						Yes

				Measurements								2.610		2.670		2.620		2.630		2.620		2.630		2.640		2.360		0.800		0.720																								4146.1

				Outside Etch		06/04/07						2.610		2.650		2.580		2.620		2.590		2.610		2.620		2.360						20		18		20				22.3		n/a		17		11.4		12.5		13.6		10		4123.8

				Degrease		06/05/07				No

				Inside Etch		06/06/07						2.490		2.590		2.550		2.550		2.560		2.550		2.590		2.320		0.760		0.680		80		55		60		0.9		68.3		Top		16.5		11.4		12.4		13.9		10		4055.5

				Degrease						Yes

				Degasification																																																				2.4		825		1.10E-07		2.20E-05		1.40E-06

				Degrease						Yes

				Inside Etch		06/19/07																										20		32.5		20		1.625				Top		18		11.4		14.5		16.5		10

				HPR		06/19/07																																																												25		11		16		18.2

				HPR		06/20/07																																																												25		11		16		18.2

				HPR		08/06/07																																																												25		25		17		18.2

				HPR		10/01/07																																																												25		7		10		18.2

				Inside Etch		01/08/08																										20		37.5		20		1.875				Bottom		18		13.3		12.5		14.1		10

				HPR		01/08/08																																																												25		13		13		18.2

				HPR		01/09/08																																																												25		13		13		18.2

										Estimated Thickness (mm)		2.4675		2.5275		2.4775		2.4875		2.4775		2.4875		2.4975		2.2175		0.6575		0.5775		140		142.5

						SCRF 3rd Harmonic 9 - Cell Cavity Processing Notes

						Cavity # 5

						Date:				Notes and special Treatments of the Cavity

						03/04/08		US thickness measurement data cannot be located following the 06/06 etch.
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						SCRF 3rd Harmonic 9 - Cell Cavity Processing Chart

						Cavity # 5

								Vacuum Leak Check		Degrease / Ultrasonics		Average Ultrasonic Thickness Measurements  (mm)																				BCP Etching																						Cavity Weight		Hydrogen Bake Out										High Pressure Rinse

				Step		Date		He sensitivity <1e-10 Torr-l/s		Micro90/US (YES / NO)		Caret 1		Caret 2		Caret 3		Caret 4		Caret 5		Caret 6		Caret 7		Caret 8		HOM1 Top Hat		HOM2 Top Hat				Averaged Removal (um)		Etch Time (min.)		Achieved Etch Rate (um/min)		Weight Removed (g)		Input Coupler (Top/Bottom)		DI Water Resistivity (Mohm)		BCP Volume Used (liters)		Avg. BCP Temp ©		Max BCP Temp (C)		Rough Rinses		Grams		Plateau Time (hr.)				Max Tot. Pressure (Torr)		Beginning H2 Pressure @ 800C (Torr)		End H2 Pressure after 2hrs (Torr)		No. of Passes		UPW Bacteria Count (CFU/liter)		TOC (ppb)		UPW Resistivity (Mohm)

				Leak check				Yes

				Degrease						Yes

				Measurements								2.610		2.670		2.620		2.630		2.620		2.630		2.640		2.360		0.800		0.720																								4146.1

				Outside Etch		06/04/07						2.610		2.650		2.580		2.620		2.590		2.610		2.620		2.360						20		18		20				22.3		n/a		17		11.4		12.5		13.6		10		4123.8

				Degrease		06/05/07				No

				Inside Etch		06/06/07						2.490		2.590		2.550		2.550		2.560		2.550		2.590		2.320		0.760		0.680		80		55		60		0.9		68.3		Top		16.5		11.4		12.4		13.9		10		4055.5

				Degrease						Yes

				Degasification																																																				2.4		825		1.10E-07		2.20E-05		1.40E-06

				Degrease						Yes

				Inside Etch		06/19/07																										20		32.5		20		1.625				Top		18		11.4		14.5		16.5		10

				HPR		06/19/07																																																												25		11		16		18.2

				HPR		06/20/07																																																												25		11		16		18.2

				HPR		08/06/07																																																												25		25		17		18.2

				HPR		10/01/07																																																												25		7		10		18.2

				Inside Etch		01/08/08																										20		37.5		20		1.875				Bottom		18		13.3		12.5		14.1		10

				HPR		01/08/08																																																												25		13		13		18.2

				HPR		01/09/08																																																												25		13		13		18.2

										Estimated Thickness (mm)		2.4675		2.5275		2.4775		2.4875		2.4775		2.4875		2.4975		2.2175		0.6575		0.5775		140		142.5

						SCRF 3rd Harmonic 9 - Cell Cavity Processing Notes

						Cavity # 5

						Date:				Notes and special Treatments of the Cavity

						03/04/08		US thickness measurement data cannot be located following the 06/06 etch.
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Sheet1

						SCRF 3rd Harmonic 9 - Cell Cavity Processing Chart

						Cavity # 5

								Vacuum Leak Check		Degrease / Ultrasonics		Average Ultrasonic Thickness Measurements  (mm)																				BCP Etching																						Cavity Weight		Hydrogen Bake Out										High Pressure Rinse

				Step		Date		He sensitivity <1e-10 Torr-l/s		Micro90/US (YES / NO)		Caret 1		Caret 2		Caret 3		Caret 4		Caret 5		Caret 6		Caret 7		Caret 8		HOM1 Top Hat		HOM2 Top Hat				Averaged Removal (um)		Etch Time (min.)		Achieved Etch Rate (um/min)		Weight Removed (g)		Input Coupler (Top/Bottom)		DI Water Resistivity (Mohm)		BCP Volume Used (liters)		Avg. BCP Temp ©		Max BCP Temp (C)		Rough Rinses		Grams		Plateau Time (hr.)				Max Tot. Pressure (Torr)		Beginning H2 Pressure @ 800C (Torr)		End H2 Pressure after 2hrs (Torr)		No. of Passes		UPW Bacteria Count (CFU/liter)		TOC (ppb)		UPW Resistivity (Mohm)

				Leak check				Yes

				Degrease						Yes

				Measurements								2.610		2.670		2.620		2.630		2.620		2.630		2.640		2.360		0.800		0.720																								4146.1

				Outside Etch		06/04/07						2.610		2.650		2.580		2.620		2.590		2.610		2.620		2.360						20		18		20				22.3		n/a		17		11.4		12.5		13.6		10		4123.8

				Degrease		06/05/07				No

				Inside Etch		06/06/07						2.490		2.590		2.550		2.550		2.560		2.550		2.590		2.320		0.760		0.680		80		55		60		0.9		68.3		Top		16.5		11.4		12.4		13.9		10		4055.5

				Degrease						Yes

				Degasification																																																				2.4		825		1.10E-07		2.20E-05		1.40E-06

				Degrease						Yes

				Inside Etch		06/19/07																										20		32.5		20		1.625				Top		18		11.4		14.5		16.5		10

				HPR		06/19/07																																																												25		11		16		18.2

				HPR		06/20/07																																																												25		11		16		18.2

				HPR		08/06/07																																																												25		25		17		18.2

				HPR		10/01/07																																																												25		7		10		18.2

				Inside Etch		01/08/08																										20		37.5		20		1.875				Bottom		18		13.3		12.5		14.1		10

				HPR		01/08/08																																																												25		13		13		18.2

				HPR		01/09/08																																																												25		13		13		18.2

										Estimated Thickness (mm)		2.4675		2.5275		2.4775		2.4875		2.4775		2.4875		2.4975		2.2175		0.6575		0.5775		140		142.5

						SCRF 3rd Harmonic 9 - Cell Cavity Processing Notes

						Cavity # 5

						Date:				Notes and special Treatments of the Cavity

						03/04/08		US thickness measurement data cannot be located following the 06/06 etch.
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cryo fema

		SMTF Horizontal Test Cryostat - Vacuum vessel

		FEMA for Valve and Instrumentation

		28 July 2006

		COMPONENT				FAILURE MODE		HAZARD/ EFFECT		REMARKS/RECOMMENDATIONS

		Tag		APACS

		INSTRUMENTATION

		CALLH1		SMTA_CALLH1		Failed		Safe		CATXH8 can also be used as a back-up method to check the liquid level

		CAPIV1		SMTA_CAPIV1		Failed		Safe		No control function

		CAPIH6		SMTA_CAPIH6		Failed		Safe		No control function

		CAPIH7		SMTA_CAPIH7		Failed		Safe		No control function

		CAXEH1		SMTA_CAXEH1		Failed		Safe		No control function

		CATXN9		SMTA_CATXN9		Failed		Safe		Will either cause excessive N2 usage or warm up the 80K shield, depending on failed value

		CATXH6		SMTA_CATXH6		Failed		Safe		Will either cause excessive LHe usage or warm up the 5K shield, depending on failed value

		CATXH7		SMTA_CATXH7		Failed		Safe		No control function

		CATXH8		SMTA_CATXH8		Failed		Safe		No control function

		Tag		APACS

		VALVES

		CASVH1		--		Stuck open		Safe		Helium is vented into SMTA - ODH analysis defines as Class 1

		CASVV1		--		Stuck open		Safe		Insulation vacuum would rise to 1 bar

		CAMVV1		--		Stuck open		Safe		High load for vacuum pump - pump is protected if load is too much

		CAEVH1		SMTA_CAEVH1		Stuck open		Safe		No control function for cryostat testing





cryo valve & instru

		SMTF Horizontal Test Cryostat - Vacuum vessel

		Valve and Instrumentation List

		15 January 2007

		Tag		ACCNET		APACS		Location		Type		Model		Company		Range		Readback		Comment		Vendor		Vendor Contact		Vendor Phone		Vendor Email		Status

				Instrumentation

		CALLH1		Z:CALLH1		SMTA_CALLH1		LHe level dewar		Liquid level sensor		12-inch active		AMI		0 -100 %		4-20 mA		Monitor:  AMI Model 135-2K		--		Martin Staelens		865-482-1056		sales@americanmagnetics.com		Arrived

								Spare LHe level for RF Vessel				9-inch active		AMI		0 -100 %		4-20 mA		Monitor:  AMI Model 135-2K		--		Martin Staelens		865-482-1056		sales@americanmagnetics.com		Ordered

		CAPTV1		Z:CAPTV1		SMTA_CAPTV1		Cryostat insulating vacuum		Pressure transducer		ITR90 Ionivac		Leybold		3.75E-10 - 750 torr		0-10 V				Vacuum One		Jeremy Perney		773-244-3102		jperney@vacuumone.com		Arrived 30 March 2006 (PRN 76425)

		CAPTH6		Z:CAPTH6		SMTA_CAPTH6		Helium pumping line		Pressure transducer (high range)		FPA		Sensotec		0-50 psia		4-20 mA		Sensotec amplifier model U3W; already calibrated at cold temp										(ordered by IB1 Instrumentation Group)

		CAPTH7		Z:CAPTH7		SMTA_CAPTH7		Helium pumping line		Pressure transducer (low range)		230EA-00100BC		MKS		0-100 torr		4-20 mA						Jim Doddato		708-923-0222				Arrived 17 July 2006

		CAHTH1		Z:CAHTH1		SMTA_CAHTH1		LHe level dewar		Cartridge heater		E1J39		Watlow		120V-50W		I/O		Suggested power controller:  Watlow DA10-24F0-0000		(provided by IB1 Instrumentation Group)								(provided by IB1 Instrumentation Group)

		CATPN9		Z:CATPN9		SMTA_CATPN9		80K Thermal shield		Platinum temperature sensor		PT102		Lake Shore		40 K-300 K		4-20 mA		Transmitter:  Lake Shore Model 231P		Lake Shore Cryotronics		Chris Corwin		614-891-2243 x104		ccorwin@lakeshore.com		Arrived

		CATXH6		Z:CATXH6		SMTA_CATXH6		5K Thermal shield		Cernox resistor temperature sensor		CX-1050-SD		Lake Shore		0.1K-300K		4-20 mA		Transmitter:  Lake Shore Model 234		Lake Shore Cryotronics		Chris Corwin		614-891-2243 x104		ccorwin@lakeshore.com		Arrived

		CATXH7		Z:CATXH7		SMTA_CATXH7		Dressed RF cavity cart		Cernox resistor temperature sensor		CX-1050-SD		Lake Shore		0.1K-300K		4-20 mA		Transmitter:  Lake Shore Model 234		Lake Shore Cryotronics		Chris Corwin		614-891-2243 x104		ccorwin@lakeshore.com		Arrived

		CATXH8		Z:CATXH8		SMTA_CATXH8		LHe level dewar		Cernox resistor temperature sensor		CX-1050-SD		Lake Shore		0.1K-300K		4-20 mA		Transmitter:  Lake Shore Model 234		Lake Shore Cryotronics		Chris Corwin		614-891-2243 x104		ccorwin@lakeshore.com		Arrived

		Tag		ACCNET		APACS		Description / Location		Type		Model		Company		Range		Size		Comment

				Valves

		CASVH1		--		--		Helium pumping line		Rupture disk		LPS		BS&B		Set point 12 psig @ 72 deg F		3-inch		--		--		--		--		--

		CASVHC		--		--		Cryostat insulating vacuum		Fermi vacuum safety relief valve		1620-MB-106391		Fermilab		Set point 1 psig @ room temp		2.625-inch ID		--		--		--		--		--		(furnished to vendor)

		Tag		ACCNET		APACS		Description / Location		Type		Model		Company		Pump Speed		Operating pressure		Comment

				Vacuum Pumps

		PUMP-VV01		--		--		Cryostat insulating vacuum		Turbomolecular pump		ATP 80		Alcatel		80 L/sec		3.75E-9 torr		ACT 100 Controller #111156		Midwest Vacuum		Hans Leudi		630-323-5399		mvi@midwestvacuum.com		Expected shipping date 2 Aug (PO 568663)

		PUMP-VV01		--		--		Cryostat insulating vacuum		Roots pump		ACP 15		Alcatel		14 m^3/hr		3.7E-2 torr				Midwest Vacuum		Hans Leudi		630-323-5399		mvi@midwestvacuum.com		Expected shipping date 2 Aug





order sheet

		SMTF Horizontal Test Cryostat - RF Cavity Vacuum System

		Items on order

		Valve and Instrumentation List

		22 January 2007

		Instrumentation		Location		Model		Company		Range		Readback		Comment

		Valve		Description / Location		Model		Company		Range		Readback		Comment

		PV-RF01		RF Cavity vacuum, Isolation valve within cryostat		Right angle manual valve 54032-GE02		VAT		--		--		1.5-inch valve

		PV-RF02		RF Cavity vacuum, isolation valve to pump cart		Right angle UHV all-metal valve 9515027		Varian		--		--		1.5-inch valve with 2.75-inch CFF

		PV-RF07		Warm coupler vacuum, isolation valve to pump cart		Right angle UHV all-metal valve 9515027		Varian		--		--		1.5-inch valve with 2.75-inch CFF

		SV-RF01		RF Cavity vacuum, safety device		Pressure burst disk with 1-1/3" CFF		MDC Vacuum		--		--

		Vacuum Pumps		Description / Location		Model		Company		Pump Speed		Operating pressure		Comment

		PUMP-RF01		RF cavity pump - ion pump		TiTan 30 - 100L-30-6S-SC-110-N		Gamma		100 L/sec		10^-9 to 10^-10 torr		Controller:  Gamma Vacuum Digitel SPC

		PUMP-RF04		Warm coupler cavity pump - ion pump		VacIon Plus 40 Starcell		Varian		34 L/sec		10^-9 to 10^-10 torr		Controller:  Varian 120V





vacuum valve & equip

		SMTF Horizontal Test Cryostat - RF Cavity Vacuum System

		Valve and Instrumentation List

		22 January 2007

		Instrumentation		Location		Model		Company		Range		Readback		Comment

		PI-RF01		RF Cavity vacuum pressure - low vacuum range		KJL902050 diaphragm monometer		Kurt Lesker		0.75-1,500 Torr		0-10 V

		PI-RF02		RF Cavity vacuum pressure - high vacuum range		ITR90 Ionivac with display		Leybold		3.75E-10 - 750 torr		0-10 V

		PI-RF03		Warm side of input coupler - low vacuum range		KJL902050 diaphragm monometer		Kurt Lesker		0.75-1,500 Torr		0-10 V

		PI-RF04		Warm side of input coupler - high vacuum range		ITR90 Ionivac with display		Leybold		3.75E-10 - 750 torr		0-10 V

		Valve		Description / Location		Model		Company		Range		Readback		Comment

		PV-RF01		RF Cavity vacuum, Isolation valve within cryostat		Right angle manual valve 54032-GE02		VAT		--		--		1.5-inch valve

		PV-RF02		RF Cavity vacuum, isolation valve to pump cart		Right angle UHV all-metal valve 9515027		Varian		--		--		1.5-inch valve with 2.75-inch CFF

		PV-RF03		RF Cavity vacuum, valve leading to filter for let up procedure

		PV-RF04		RF Cavity vacuum, valve leading to leak detector

		PV-RF05		RF Cavity vacuum, isolation valve to turbo pump

		EV-RF06		RF Cavity vacuum, isolation valve to roots pump						--		--

		PV-RF07		Warm coupler vacuum, isolation valve to pump cart		Right angle UHV all-metal valve 9515027		Varian		--		--		1.5-inch valve with 2.75-inch CFF

		PV-RF08		Warm coupler vacuum, valve leading to filter for letup procedure

		PV-RF09		Warm coupler vacuum, valve leading to leak detector

		PV-RF10		Warm coupler vacuum, isolation valve to turbo pump

		EV-RF11		Warm coupler vacuum, isolation valve to roots pump

		SV-RF01		RF Cavity vacuum, safety device		Pressure burst disk with 1-1/3" CFF		MDC Vacuum

		Vacuum Pumps		Description / Location		Model		Company		Pump Speed		Operating pressure		Comment

		PUMP-RF01		RF cavity pump - ion pump		TiTan 30 - 100L-30-6S-SC-110-N		Gamma		100 L/sec		10^-9 to 10^-10 torr		Controller:  Gamma Vacuum Digitel SPC

		PUMP-RF02		RF cavity pump - turbo pump		V70LP DN63		Varian		68 L/sec				Controller:  Varian Turbo-V70 120V #9699505

		PUMP-RF03		RF cavity pump - dry roots pump		ACP 28		Alcatel		16 cfm		3E-1 mbar

		PUMP-RF04		Warm coupler cavity pump - ion pump		VacIon Plus 40 Starcell		Varian		34 L/sec		10^-9 to 10^-10 torr		Controller:  Varian 120V

		PUMP-RF05		Warm coupler cavity pump - turbo pump		V70LP DN63		Varian		68 L/sec				Controller:  Varian Turbo-V70 120V #9699505

		PUMP-RF06		Warm coupler cavity pump - dry roots pump		ACP 28		Alcatel		16 cfm		3E-1 mbar





PID

		





connectors

		

						Connector type		Special cable?

				RF-related instrumentation

				Cavity RF pickup		N-type		Heliax

				HOM US pickup		N-type		Heliax

				HOM DS pickup		N-type		Heliax

				Coupler e-field pickup 1		BNC

				Coupler e-field pickup 2		BNC

				Tuner-related instrumentation

				Strain gauges, RTDs		"MTF"-style 19-pin (x4)

				Piezo elements		"MTF"-style 8-pin		150 V

				Magnetostrictive elements		"MTF"-style 8-pin		10 amps

				Faraday cup instrumentation		N-type		RG58 (50 ohm)
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