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1.0 Introduction

To minimize the hazards associated with vacuum and pressure vessels, section 6151 in
the JLab EH&S manual requires documentation of all pressure and vacuum vessel
designs. Appendix 6151-T1, Vessel Design Documentation, provides detail. Required
documentation for the design of the Ampere-Class Cryomodule helium vessel follows.
The helium vessel was analyzed using the 2001 edition of the ASME Boiler and Pressure
Vessel Code (BPVC), Section VIII, Division 1.

1.1 Design

The Ampere-Class Cryomodule helium vessel is designed with six integral waveguides
and a bellows; these are neglected in the analysis and only the vessel itself is considered.
The length of the shell is taken from one end to the other, which is correct for conical
heads and conservative for dished heads. The maximum internal pressure of 5 atm is
determined by rounding up from the pressure to which the burst disks are set; the helium
vessel would only experience this much pressure in case of a loss of beamline vacuum.
The maximum external pressure of 3 atm was based on the greatest pressure that the
helium vessel could experience in case of a loss of insulating vacuum.

The end stub and transition were not considered in this analysis as the BPVC does not
provide guidance for niobium or niobium-titanium.

1.2 Assumptions
The following assumptions were made for the purposes of this analysis.

a. It was assumed that Grade 2 titanium (UNS R50400) would be used for the
helium vessel. It is acceptable to use a different grade of titanium (most likely
Grade 3, UNS R50550), as long as the tensile and yield strengths exceed those
used in this analysis for Grade 2 titanium.

b. The design temperature is assumed to be 70° F. Section UG-20 of the BPVC
states that “the maximum temperature used in design shall not be less than the
mean metal temperature (through the thickness) expected under operation
conditions for the part,” and “the minimum metal temperature used in design shall
be the lowest expected in service.” However, as complete BPVC data is not
available down to the operating temperature of 2 K, it is not possible to design for
the lowest expected operational temperature. In addition, since modulus and
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maximum allowable stress increase as temperature decreases, using a higher
temperature should be conservative.

c. The minimum joint efficiency given in the code, 0.45, was used throughout this
analysis to be conservative. A joint with a higher efficiency would, of course, be
an acceptable substitute.

The efficiency of various weld joints, per Table UW-12 (p. 120-121), assuming
no radiographic examination, is as follows:

Type of Joint Efficiency
Double-welded butt joints 0.70
Single welded butt joints with backing strip 0.65
Single welded butt joints without backing strip 0.60
Double full fillet lap joint 0.55
Single full fillet lap joint with plug welds 0.50
Single full fillet lap joint without plug welds 0.45
Corner joints or angle joints NA

Every weld on the helium vessel must therefore be a butt joint or a full fillet lap
joint, as described in the table above, in order for the helium vessel to meet the
requirements of the BPVC.

d. Itisassumed that the helium supply and return nozzles are grade 2 titanium along
their entire lengths.

1.3 Specifications and Dimensions

The following specifications and dimensions were used in the analysis.

Internal Pressure........ccoveveeieieeieiis e e 5 atm (73.5 psi)

External Pressure.........ccooevveeiieneniesnenie e 3 atm (44.1 psi)

Material..........cooovvininiieee s Grade 2 Titanium

Total 1ength.......ccooveii, 51.2 inches

Outside Diameter.........ccocvvvveniiiniinieeeen, 16.87 inches

Shell Thickness........cccooeiiiiiiiiieeee 0.25 inches

Head ThiCKNESS........ccovviiiiieii e, 0.25 inches

Weld ConstruCtion..........cccceevvveeieenienieseeins Electron Beam, TIG; joint type as
described in 1.2.c above

Shell Geometry.......cccoovvveeii e, Cylindrical

Head GEOMEtrY.......cccovveievieceec e e e Hemispherical head with 28.24 in radius

Design Temperature...........ccooveveeeeneerienennncns 70F (300 K)

Page 2 of 16
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2.1

UG-23 Maximum Allowable Stress Values

This section of the code gives the maximum unit stress allowed in a given material in the
pressure vessel.

Variable Value
tdesign Actual thickness of shell 0.25in
lo Outside radius of cylindrical shell 8.44 in

The code states that the maximum allowable tensile stress value permitted in a given
material used in a vessel constructed under the rules of the BPVC shall be the smaller of
the values calculated by methods (1) and (2), as shown below.

(1) From table 1B (Section II, part D, page 246) the maximum allowable stress for the
design temperature is given as 12.1 ksi. This is the maximum allowable stress for Grade
2 welded pipe at -20 to 100° F. The maximum allowable stresses for other forms of

Grade 2 and Grade 3 titanium are higher; therefore, this is conservative.

(2) For the helium vessel:

0.125 0.125

= =0.0037

- (ro /tdesign) - (844/025)

Using Fig. NFT-2 (Section I, part D, page 716.1) and interpolating, the factor B is found
to be about 17 ksi. Likewise, for the helium inlet nozzle, A is 0.020 and B is 19.5 ksi; for
the helium return nozzle, A is 0.006 and B is 18 ksi.

Therefore the value for maximum allowable stress (S) to be used in this design will be
12.1 ksi, as found in (1) above.

2.2

UG-27 Thickness of Shells Under Internal Pressure

This section gives the minimum required thickness of the shell, t, under internal pressure.

For the helium vessel:

Variable Value
tdesign Actual thickness of shell 0.251in
t Minimum required thickness
R Inside radius 8.191in
Pdesign Internal design pressure 73.5 psi
P Maximum allowable internal pressure
S Maximum allowable stress value 12.1 ksi
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|E | Joint efficiency of appropriate joint | 0.45 |

(c.1) Circumferential stress

(o Paesign - R _ 73.5psi -8.19in
S-E—0.6-Pasign 12100 psi - 0.45— 0.6 - 73.5psi
_ S:-E-tygy  12100psi-0.45-0.25in
" R+0.6-tyg,  8.19in+0.6-0.25in

=0.111in

=163 psi

The calculated value for the minimum required thickness (t) is smaller than the actual
thickness value, and the calculated value for the maximum allowable internal pressure (P)
is larger than the actual pressure. Therefore, the design of the vessel meets the BPVC
requirements for circumferential stress.

(c.2) Longitudinal stress

Pesign - R 73.5psi -8.19in

t = =
2:S-E+0.4-Pyg,, 2-12100psi-0.45+0.4-73.5psi
_2:5-E-1445, 2-12100psi-0.45-0.25in
R-04-t 8.19in — 0.4-0.25in

=.055in

=337 psi

design

The calculated value for the minimum required thickness (t) is smaller than the actual
thickness value, and the calculated value for the maximum allowable internal pressure (P)
is larger than the actual pressure. Therefore, the design of the vessel meets the BPVC
requirements for longitudinal stress.

For the helium inlet nozzle:

Variable Value
tdesign Actual thickness of shell 0.083in
t Minimum required thickness
R Inside radius 0.442 in
Pdesign Internal design pressure 73.5 psi
P Maximum allowable internal pressure
S Maximum allowable stress value 12.1 Kksi
E Joint efficiency of appropriate joint 0.45

(c.1) Circumferential stress
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. Pdesign - R _ 73.5psi - 0.442in
S-E—0.6-Pdesign 12100psi-0.45-0.6-73.5psi

p_ S B Tyesign _ 12100 psi-0.45-0.083in
R+0.6-t 0.442in +0.6-0.083in

= 0.006in

=919 psi

design

The calculated value for the minimum required thickness (t) is smaller than the actual
thickness value, and the calculated value for the maximum allowable internal pressure (P)
is larger than the actual pressure. Therefore, the design of the helium inlet nozzle meets
the BPVC requirements for circumferential stress.

(c.2) Longitudinal stress

Pesion * R 73.5psi - 0.442in

t = =
2:S-E+0.4-Pygy,, 2-12100psi-0.45+0.4-73.5psi
_ 2:5-E -ty  2-12100psi-0.45-0.083in
R—0.4 144 0.442in—0.4-0.083in

=.003in

=2211psi

The calculated value for the minimum required thickness (t) is smaller than the actual
thickness value, and the calculated value for the maximum allowable internal pressure (P)
is larger than the actual pressure. Therefore, the design of the helium inlet nozzle meets
the BPVC requirements for longitudinal stress.

For the helium return nozzle:

Variable Value
tdesign Actual thickness of shell 0.134in
t Minimum required thickness
R Inside radius 2.78 in
Pdesign Internal design pressure 73.5 psi
P Maximum allowable internal pressure
S Maximum allowable stress value 12.1 ksi
E Joint efficiency of appropriate joint 0.45

(c.1) Circumferential stress

. Pdesign - R _ 73.5psi-2.78in
S-E—0.6-Pasign  12100psi -0.45— 0.6 - 73.5psi
B S-E tyign _12100psi-0.45-0.134in
R+0.6-t 2.78in+0.6-0.134in

= 0.0038in

= 255psi

design

The calculated value for the minimum required thickness (t) is smaller than the actual
thickness value, and the calculated value for the maximum allowable internal pressure (P)
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is larger than the actual pressure. Therefore, the design of the helium return nozzle meets
the BPVC requirements for circumferential stress.

(c.2) Longitudinal stress

Pdesign ‘R 73.5psi - 2.78in

t: =
2-S-E+04-P 2-12100psi-0.45+0.4-73.5psi

design
o _ 25 Elugy _ 2:12100psi-0.45-0.134in
R-0.4-t 2.78in—0.4-0.134in

=.0019in

=535psi

design

The calculated value for the minimum required thickness (t) is smaller than the actual
thickness value, and the calculated value for the maximum allowable internal pressure (P)
is larger than the actual pressure. Therefore, the design of the helium return nozzle meets
the BPVC requirements for longitudinal stress.

2.3 UG-28 Thickness of Shells and Tubes Under External Pressure

This section regulates the design of cylindrical shells and tubes under external pressure,
with or without stiffening rings, tubes and spherical shells.

These equations require iterating based on an assumed value of t.

For the helium vessel:

Variable Value
D, Outside diameter of cylindrical shell 16.87 in
L Total length of shell 51.23in
Pdesign External design pressure 44.1 psi
P Calculated value of maximum allowable external pressure
tdesign Actual thickness of shell 0.251in
t Minimum required thickness of cylindrical shell
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(©(1)
L _ 51.23!n _30
D, 16.87in
D, _ 16.87.|n _675
Tdesign 0.25In
A =~ .0007
.. B~5750
p_ 4B _ 4.5750 — 114 psi

3(D, /taesign)  3(16.87in/0.25in)

Minimum allowable thickness :

L 51.23in _ 3
D, 16.87in

D, _ 16.87.|n 100
t 0.17in

A ~.00042

. B ~3500

4B 43500 :
P= = = 46.7
3(D,/t) 3(16.87in/0.17in) el

JLAB-TN-05-072

Based on the assumption of a 0.25-inch thick shell, P is greater than the external design
pressure. Therefore, the design thickness of the vessel is acceptable. After several
iterations, the minimum allowable thickness of the shell was determined to be

approximately 0.17 inches.

For the helium inlet nozzle:

Variable Value
D, Outside diameter of cylindrical shell 1.050 in
L Total length of shell 3.04in
Pdesign External design pressure 44.1 psi
P Calculated value of maximum allowable external pressure
tdesign Actual thickness of shell 0.134in
t Minimum required thickness of cylindrical shell

The total length of the shell (nozzle) was assumed to be the maximum length from the

helium vessel to the supply header.
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(©(1)

L _3.04in _ 9
D, 1.050in
D,  1.050in
tdesign ~0.083in
A=~.015

. B ~19,500

4B 4-19,500

P= = = 2055 psi
3(D, /teesign)  3(1.050in/0.083in) et

=12.65

Minimum allowable thickness :
3.04in

L — —
D, 1.050in
D, _ 1.05qin _100
t 0.0lin
A ~.00042
.. B~ 3500
4B 4-3500

P= = = 46.7 psi
3(D,/t) 3(1.050in/0.01in) P!

Based on the assumption of a 0.083-inch thick pipe, P is significantly greater than the
external design pressure. Therefore, the design thickness of the vessel is acceptable. The
minimum allowable thickness of the pipe was determined to be approximately 0.01
inches.

For the helium return nozzle:

Variable Value
D, Outside diameter of cylindrical shell 5.563 in
L Total length of shell 2.034 in
Pdesign External design pressure 44.1 psi
P Calculated value of maximum allowable external pressure
tdesign Actual thickness of shell 0.134in
t Minimum required thickness of cylindrical shell

The total length of the shell (pipe) was assumed to be the maximum length from the
helium vessel to the return header.
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The values shown below are approximate. The L/D, ratio is truncated at 1.0 on this
chart. The lines for the L/D, and D,/t ratios were extended linearly to allow A to be
determined for L/D, ratios below this value. Allowable stresses and thicknesses were
actually calculated for a L/D, ratio of 0.5 rather than the correct value of 0.366 to allow
for any error in extending the lines. This is conservative; for a given value of D/t, A
increases as L/D, decreases, and B increases as A increases. Therefore, a lower L/D,

ratio results in a higher allowed stress and pressure.

2.034in

Lz —=0.366~0.5
D, 5.563in
D, _ 5.563!n 1265
taesign  0.134In
A ~0.08
.. B =~ 20,000
p__ 4B 420000 o0

~ 3(D, /taesion)  3(5.563in/0.134in)

Minimum allowable thickness :

L _2034in _\a6605
D, 5.563in
D, 5563in _
t  0.0253in
A~ 0.0082
B ~ 7000
4B 4-7000

P= = = 42 4psi
3(D,/t) 3(5.563in/0.0253in) el

Based on the assumption of a 0.134-inch thick pipe, P is greater than the external design
pressure. Therefore, the design thickness of the vessel is acceptable. The minimum
allowable thickness of the pipe was determined to be approximately 0.0253 inches.

] 24  UG-32 Formed Heads, and Sections, Pressure on Concave Side

This section gives the minimum required thickness at the thinnest point after forming of

heads under pressure on the concave side.
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Variable Value
teesign | Actual thickness of shell 0.25in
t Minimum required thickness of head after forming
Paesign | Internal design pressure 73.5 psi
P Calculated value of maximum allowable internal pressure
S Maximum allowable stress value in tension 12.1 ksi
E Lowest efficiency of any joint in the head 0.45
L Spherical radius 28.24 in
(F) hemispherical
s _ 925 _ ) 9089 < 0.356

L 2824
Pdesign . 735 _ 0013 < 0665

S*E  12100*0.45
.. the following equations are valid.

o Paesign - L _ 73.5psi - 28.24in
2-S-E—0.2-Paesign  2-12100psi - 0.45—0.2-73.5psi
_ 2:S-E-tyg, 2-12100psi-0.45-0.25in
L+0.2-t,.  28.24in+0.2-0.25in

=.191in

96 ps

design

The calculated value for the minimum required thickness (t) is smaller than the actual
thickness value, and the calculated value for the maximum allowable internal pressure (P)
is larger than the actual pressure. Therefore, the design of the hemispherical section of
the head meets the requirements for pressure on the concave side (internal pressure).

25 UG-33 Formed Heads, Pressure on Convex Side

This section gives the minimum required thickness at the thinnest point after forming of
heads under pressure on the convex side.

Variable Value
Ro Outside radius of cylindrical shell 8.44 in
Pdesign External design pressure 44.1 psi
P Calculated value of maximum allowable external pressure
tdesign Actual thickness of shell 0.251n
t Minimum required thickness of cylindrical shell
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Per paragraph (g), when there is a lap joint in a spherical shell (or hemispherical head)
under external pressure, the thickness of the shell shall be determined using 2P instead of
P.

(c) Hemispherical heads

With design thickness of 0.25in:

_ 0.125 _ 0.125 _ 0.0037
(Ro/tdesign) (844/025)
.. B =17,000
B 17,000 =503.6 psi

- Ro /tdesign - 844/025

Minimum allowable thickness (assuming a maximum allowable pressure of 2P, or 88.2 psi) :
0125 0125

- = =0.0011
(Ro/t) (8.44/0.08)

.. B ~=9000

P= B 9000 = 85.3psi

R,/t 8.44/0.08

The calculated value for the minimum required thickness (t) is smaller than the actual
thickness value, and the calculated value for the maximum allowable pressure (P) is
larger than the actual pressure. The minimum allowable thickness of the head was
determined to be approximately 0.08 in. Therefore, the design of the helium return
nozzle meets the BPVC requirements.

2.7  UG-37: Reinforcement Required for Openings in Shells and Formed Heads

This section determines whether additional reinforcements are required for the nozzle
attachments which are welded to the pressure vessel.

For the helium inlet nozzle:

Variable Value

A Total cross-sectional area of reinforcement required
in the plane under consideration

Aavail | Total area available for reinforcement with no
reinforcing element

d Finished diameter of circular opening 1.050 in

t Specified vessel wall thickness 0.25in

tr Required thickness of seamless shell for pressure 0.17 in, for external
pressure
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th Nozzle wall thickness 0.083in

tm Required thickness of seamless nozzle wall 0.01 in, for external
pressure

fr1 Strength reduction factor = S,/S, 1.0

fro Sh/Sy 1.0

F Correction factor 1.0

E. Weld factor 1.0

Sy Allowable stress in nozzle 12.1 ksi

Sy Allowable stress in vessel 12.1 ksi

(c) A pressure vessel which is subject to either internal pressure or both internal and
external pressure must meet the requirements given by the equations below (Fig. UG-
37.1, page 47). Aavail must be greater than A.
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A=d«tr+F +2+tastrF «(1— fi) =1.050+0.17+1.0 + 2-0.083+0.17 1.0+ (1—1) = 0.1785in2
Aavail = A1+ A2

A:. = larger of :
d (Elt - Ftr) - Ztn(Elt - Ftr)(l— frl)

—1.050(1.0*0.25-1.0*0.17) — 2*0.083(1.0*0.25 —1.0*0.17)(1L—1.0) = 0.084in?2
or
Z(t + tn)(Elt - Ftr) - 2tn(E1t - Ftr)(l— frl)

— 2(0.25+0.083)(L.0*.25-1.0%0.17) — 2*0.083(L.0*.25 —1.0%0.17)(L—1.0) = 0.053in?

A2 =smaller of :

5(tn — tm) frat = 5(0.083 — 0.01) *1*0.25 = 0.0913in 2

or

5(tn —trn) froth = 5(0083_ 001) *1*(.083 = 0030|n2
AL =0.084+0.030 =0.1143
Aavail >A- NO

Add reinforcement to nozzle:

A2 =smaller of :

5(tn — trn) frot = 5(0.083-0.01) *1*0.25 = 0.0913in2
or

2(th —tm) (2.5t + te) fr= = 2(0.083 - 0.01) *(2.5*0.083+ 0.3) *1 = 0.0741in2

A, =0.084+0.0741=0.158in2
Agail > A=NO

The helium inlet nozzle is not adequately reinforced as-is.
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Variable Value
A Total cross-sectional area of reinforcement required
in the plane under consideration
Aavail | Total area available for reinforcement with no
reinforcing element
d Finished diameter of circular opening 5.295in
t Specified vessel wall thickness 0.25in
tr Required thickness of seamless shell for pressure 0.17 in, for external
pressure
th Nozzle wall thickness 0.134in
tm Required thickness of seamless nozzle wall 0.0253 in, for external
pressure
fr1 Strength reduction factor = S,/S, 1.0
fro Sn/Sy 1.0
F Correction factor 1.0
E; Weld factor 1.0
Sn Allowable stress in nozzle 12.1 ksi
Sy Allowable stress in vessel 12.1 ksi

(c) A pressure vessel which is subject to either internal pressure or both internal and
external pressure must meet the requirements given by the equations below (Fig. UG-
37.1, page 47). Aavail must be greater than A.
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A=d*tr+F +2+tastr~F ~(1— f1) =5.295-0.17+1.0+2+0.134-0.17+1.0~(1-1) = 0.900in?
Aail = A+ A+ Aa

A: = larger of :

d(Eit — Ftr) — 2ta(Ext — Ftr)(1— fr1)

—~ 5.205(1.0%0.25-1.0%0.17) — 2%0.134(1.0*0.25—1.0*0.17)(L— 1.0) = 0.424in?
or
2(t + tn)(Elt — Ftr) — 2tn(E1t — Ftr)(l— frl)

— 2(0.25+ 0.134)(L.0*.25-1.0%0.17) — 2*0.134(1.0* 25— 1.0*0.17)(1 - 1.0) = 0.0614in?

A2 = smaller of :

5(tn — tm) frot = 5(0.134 — 0.0253) *1*0.25 = 0.136in 2
or

5(tn — tin) frotn = 5(0.134 — 0.0253) *1*0.134 = 0.073in?
Aa = (leg)? = 0.1875 = 0.035in2

A = 0.424 +0.073+0.035 = 0.532in?
Agai > A—NO

Add reinforcement to nozzle:

A2 = smaller of :
5(tn — tm) frot = 5(0.134 — 0.0253) *1*0.25 = 0.136in 2
or

2(tn — tm)(2.5tn + te) fro = 2(0.134 — 0.0253) * (2.5*0.134 + 0.3) *1 = 0.138in?

A =0.424-+0.136 + 0,035 = 0.595in?
Aavail >A-NO

In order to be adequately reinforced, the helium return nozzle requires both gussets and
additional welding (a fillet weld around the pipe at the intersection between the pipe and
the OD of the helium vessel).
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3.0 Conclusion

The above analysis verifies that the Ampere-Class Cryomodule helium vessel design
meets the requirements of the BPVC.
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