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1.1 - System Description 
 
The Liquid Argon R&D effort at Fermilab has fabricated a materials test station 
and a time projection chamber (TPC) at the Proton Assembly Building (PAB).  
Liquid argon time projection chambers (LArTPCs) are the future of long-baseline 
neutrino oscillation physics and present several engineering challenges. 
 
When a high energy charged particle passes through a medium, the particle 
leaves a path of ionization electrons which can be detected, tagging the path of 
the incoming particle.  In a LArTPC, the medium is liquid argon (LAr) and the 
paths of ionization electrons are detected by drifting the electrons over meters to 
wire planes. These wire planes are oriented in such a way that the magnitude 
and position of each path can be reconstructed. Thus a data acquisition system 
records many snapshots of the appearance of ionization electrons each second 
[at 2-3 MHz]. Put in sequence, physicists can reconstruct each particle's path, 
which results in gorgeous bubble-chamber-like images. From the topology and 
energy deposited along each track, specific interactions can be reconstructed.   
 
The materials test station will help determine what materials can be used to 
construct a detector without polluting the argon.  Purity is an issue because polar 
molecules and atoms without full outer electron shells (which every element has 
except for noble gases, which argon is) attract electrons. These contaminants - 
predominantly water and oxygen - will absorb the ionization electrons to make 
themselves happy, at the expense of the evidence of the particle interaction.  
Liquid argon calorimeters have been successfully operated at Fermilab with 
electro-negative contaminants at the level of 10-7.  The liquid argon TPC requires 
electronegative contaminants not to exceed 10-11 or 10 parts per trillion. 

To measure such contamination levels, a purity monitor is used. The purity 
monitor measures purity by firing a light pulse from a xenon lamp at a 
photocathode and then drifting the ejected electrons to the anode with an electric 
field. The fraction of electrons surviving the transit from the cathode to the anode 
gives a measure of the argon.  
 
Fermilab print 3942.510-ME-435365 documents the cryogenic system piping. 
 
The materials test station (Luke) is a 250 liter liquid argon ASME coded cryostat.  
The cryostat has several key features. 
 

• An “air lock” for introducing materials into the liquid argon.  Materials are 
placed into a basket above a gate valve.  The space above the valve can 
either be evacuated or purged with argon to remove the atmospheric 
contaminants.  This basket can then be lowered into cryostat and 
positioned in the argon vapor or the argon liquid to study the 
contamination effects of the test material.   
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• A vapor pump with oxygen and water removing filter material.  The pump 
uses a heater to create vapor which pushes the liquid argon out the 
bottom of the filter housing.  When the heater is turned off, a valve opens 
at the top of the filter which equalizes the pressure in the filter and cryostat 
vapor spaces and allows liquid to flow back into the filter housing.  All 
tubing used to construct the filter assembly is less than 6 inches in 
diameter such that no part of it is a pressure vessel.   

• A condenser that uses liquid nitrogen to condense the liquid argon boil off 
vapor so that the system may remain closed.  All tubing used to construct 
the condenser LAr and LN2 spaces is less than or equal to 6 inches in 
diameter such that it is not a pressure vessel.  The argon vapor 
condensation rate is controlled by adjusting the level of liquid nitrogen in 
the condenser.   

• The use of metal seals on all flanges to prevent the diffusion of oxygen 
that occurs with o-rings.  The only o-rings in the system are on relief 
valves and the large top flange.  The down stream side of the relief valves 
are purged with argon to prevent oxygen diffusion.  The space between 
the two concentric o-rings on the top flange is evacuated to prevent 
oxygen diffusion. 

• Ports on the cryostat allow the introduction of contamination gas to study 
the effects of nitrogen, carbon dioxide, etc.  

• An internal heater to build vapor pressure for quick control response. 
 

Liquid argon is supplied by up to four FNAL stockroom high pressure dewars.  
These supply dewars have their reliefs set at 350 psig.  The trapped volume 
reliefs on the liquid argon transfer line are set at 400 psig.  Thus all 
components between the source dewars and the cryostat are rated for at 
least 400 psig.   
 
The “P-bar Molecular Sieve Filtering Dewar” contains a molecular sieve 
intended to remove water from the liquid argon.  The dewar is a vacuum 
jacketed ASME vessel originally used to store liquid helium with an internal 
MAWP of 35 psig.  In this implementation it is just a convenient method to 
support and insulate a filter housing.  Both the vacuum jacket and inner 
vessel are evacuated during operation.  The liquid argon is contained in the 
piping and filter housing.  The liquid does not reside in the inner vessel.  This 
system is not considered a pressure vessel because it is relieved at 
atmospheric pressure.  The molecular sieve is regenerated by isolating the 
filter housing and heating the filter material while vacuum pumping.  With an 
internal volume of 160 liters, the dewar is too small to fall under the FESHM 
5033 Vacuum Vessel Safety Guidelines.    
 
The “P-bar Oxygen Filtering Dewar” contains an oxygen filter that removes 
oxygen by oxidation to a high surface area copper alumina catalyst.  The 
dewar is a vacuum jacketed ASME vessel identical to the “P-bar Molecular 
Sieve Filtering Dewar.”  Both the vacuum jacket and inner vessel are 
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evacuated during normal operation and the inner vessel shares a common 
vacuum with much of the liquid argon transfer line.  The liquid argon is 
contained in the piping and filter housing.  The liquid does not reside in the 
inner vessel.  In this system it is not considered a pressure vessel because it 
is relieved at near atmospheric pressure.  The oxygen filter is regenerated by 
heating the filter to 250 oC and flowing a mixture of 5% hydrogen and 95% 
argon thru the filter while the filter is isolated from the rest of the system.  The 
gas mix is considered flammable and the system was previously reviewed by 
Jim Priest.   
 
Liquid nitrogen is supplied to Luke’s condenser from an 1875 gallon liquid 
nitrogen tank located outside PAB.  The liquid nitrogen flows thru a vacuum 
jacketed line into PAB where solenoid valves control the flow.   A cool down 
valve bypasses the condenser so that warm vapor is not added to the 
condenser.  All nitrogen gas vents outside PAB.  The liquid nitrogen tank is 
equipped with a fill shut off valve to prevent overfilling of the tank by the 
tanker truck. 
 
A cryostat identical to Luke (known as “cousin Bo”) contains the small TPC 
wire chamber.  The chamber is a vertical cylinder about 22 inches high and 
12 inches in diameter.  Electrons drift upward thru the chamber.  The TPC 
has 150 wires total, which are contained in 3 planes. The wire spacing is 4.7 
mm. The materials involved in the TPC construction are copper-clad G-10, G-
10, copper-beryllium wire, solder, HDPE pipe, and some stainless tube.  
Figure 1.1.9 shows the size of the chamber relative to the cryostat.  A photo 
of the wire chamber being lowered into the cryostat is shown in Figure 1.1.10.   
 
Purified argon reaches Bo using the same filling manifold and filters that are 
used to charge Luke.  Figure 1.1.11 shows the path of liquid argon takes to 
reach Bo.  In the future, it is likely a nitrogen powered condenser identical to 
the one on Luke will be added to Bo.   
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Figure 1.1.1:  Drawing of the transfer line, filters, and material 
test station cryostat (“Luke”). 
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Figure 1.1.2:  Photo of the transfer line, filters, and material test 
station cryostat. 

LN2-LAr condenser 
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Figure 1.1.3:  Schematic of the air lock used for material testing. 
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Figure 1.1.4:  Photo of the air lock used for material testing. 
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Figure 1.1.5:  Schematic of the internal filter found in the material 
test station cryostat (“Luke”).  
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Figure 1.1.6:  Drawing of the condenser. 
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Figure 1.1.7:  Photo of a purity monitor (that’s the big one). 
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Figure 1.1.8:  P-bar dewar drawing. 
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Figure 1.1.9:  Schematic of TPC in Bo. 

Figure 1.1.10:  Insertion of the TPC into Bo. 
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Figure 1.1.11:  Piping associated with Bo 
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1.2 – Flow Schematic 
 
Drawing number 3942.510-ME-435365 details the piping and instrumentation 
associated with the material test station and the TPC cryostat. 
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1.3 - Instrument and Valve Summary
Type Tag Tag Loc Service Range or Set point Manufacturer Model or Part # Signal Out Maximum Pressure

Analyzing elements
AE 311 Ar G2 Oxygen Analyzer 0 - 100 ppm Delta F DF-150 0 - 10 VDC 20 psig
AE 52 HAr E7 Filter regeneration moisture monitoring (close to exhaust)  -80 to + 20 C Vaisala DMT242A 4-20 mA 290 psig
AE 151 HAr D4 Filter regeneration moisture monitoring (close to filter)  -60 to + 60 C Vaisala DMT242B 4-20 mA 290 psig
AE 321 Ar *** Oxygen Analyzer 0 - 20 ppm Delta F DF-560 4-20 mA 20 psig
AE 322 Ar *** Nitrogen Arc Cell 0 - 100 PPM FNAL  ------ 0 -10 VDC ~ atm

Check valves
CV 90 N F8 LN2 dewar fill line check valve no spring Check-All Valve UN-3-150-SS  ------ 3000 psig
CV 150 Ar F4 LAr vent line 1 psid Circle Seal 249B-8PP  ------ 3000 psig
CV 100 N F6 LN2 dewar liquid use line no spring Fermilab 1/2" cryogenic check valve  ------ >> 100 psig
CV 257 Ar D2 "Air lock" vent line backflow prevention 3 psid Nupro SS-4CA-VCR  ------ 3000 psig
CV 266 N2 B5 Insulating vacuum bleed up check valve 0.8 psid Circle Seal 2598-2PP  ------ 3000 psig
CV 309 HAr D5 O2 filter regeneration check valve < 1 psid Parker - Veriflo Division 36FW-442VMVM-V  ------ 3000 psig
CV 415 HAr E7 Regeneration gas ventline back flow prevention 1/3 psid Parker 4Z(A)-C4L 1/3-SS  ------ 6000 psig

Pump out ports
CVI 138 V B3 Luke insulating vacuum pumpout and relief ~ 1 atm (spring removed) CVI V-1046-31  ------ ~ atm
CVI 187 V C7 Molecular sieve pbar dewar insulating vacuum pumpout/relief ~20 psig CVI V-1046-31  ------ ~ atm
CVI 207 V B8 Liquid argon source manifold insulating vacuum pumpout and relief ~20 psig CVI V-1046-31  ------ ~ atm
CVI 220 V C7 Pbar molecular sieve dewar inner vessel pumpout/relief ~ 1 atm (spring removed) CVI V-1046-31  ------ ~ atm
CVI 259 V D1 Luke LN2-LAr condenser insulating vacuum pumpout/relief ~20 psig CVI V-1046-31  ------ ~ atm
CVI 260 V D2 LN2 transfer line vacuum pumpout/relief near Luke ~20 psig CVI V-1046-31  ------ ~ atm
CVI 285 V E6 LN2 transfer line vacuum pumpout/relief dewar side ~20 psig CVI V-1046-31  ------ ~ atm
CVI 286 V E6 LN2 transfer line vacuum pumpout/PAB side ~20 psig CVI V-1046-31  ------ ~ atm
CVI 289 V B4 O2 filter pbar dewar insulating vacuum pumpout/relief ~20 psig CVI V-1046-31  ------ ~ atm
CVI 382 V A6 Bo insulating vacuum pumpout and relief ~ 1 atm (spring removed) CVI V-1046-31  ------ ~ atm

Differential pressure transmitters
DPT 67 Ar C3 Luke Vapor Pump filter liquid level 0 - 5 psid Setra C239 4-20 mA 75 psig
DPT 100 N G7 Liquid Nitrogen Dewar 0 - 80" wc Barton ITI3 4-20 mA 500 psig

Pneumatic valves
EP 78 Ar C2 Luke vapor pump equalization valve Normally Closed - 100 psig actuation pressure Swagelok SS-6UW-V19-TF-6C  ------ 2500 psig
EP 155 V C5 Oxygen filter vacuum isolation normally closed VAT F29615-17  ------ ~ atm
EP 205 Ar C1 Luke Ar vent Normally Closed - 100 psig actuation pressure Swagelok SS-6UW-V19-TF-6C  ------ 2500 psig
EP 222 V C5 Molecular sieve insulating vacuum isolation normally closed MDC KAV-150-P  ------ ~ atm
EP 236 V A4 Cryostat pump cart inter-stage isolation (turbo protection) normally closed Varian VPI251205060  ------ ~ atm
EP 308 Ar B2 Luke vapor pump liquid inlet 10 psig to close, vacuum to fully open Fermilab H2 target cold valve - print #  2726.4-MB-58267  ------ 45 psig
EP 347 V A3 Seal monitor pump cart anti-suck back valve normally closed Norcal 3870-01455  ------ ~ atm
EP 362 V C5 LAr transfer line insulating vacuum isolation normally closed Temascal 45130  ------ ~ atm
EP 383 V A5 Bo vacuum pump cart turbo protection valve normally closed VAT 108-UE44-0006/0175  ------ ~ atm

Electric valves
EV 79 Air C2 EP-78-Ar actuation normally closed Asco 8320G132 (24 VDC) 24 VDC 200 psig 
EV 105 N2 D2 LN2 transfer line into Luke condenser normally closed Asco 8263G209LT (120 VAC) 120 VAC 100 psig 
EV 106 N2 E5 LN2 transfer line vent normally closed Asco 8263G209LT (120 VAC) 120 VAC 100 psig 
EV 223 Air C5 EP-222-V actuation normally closed Humphrey 31039 RC 120 VAC 125 psig
EV 232 Air C6 EP-155-V actuation normally closed Huba ??? 120 VAC > 100 psig
EV 233 Air C6 EP-362-V actuation normally closed Humphrey T125 4E136 120 VAC 125 psig
EV 258 Air D2 Material basket catch/release mechanism actuation normally closed Humphrey 062-4E1-36 120 VAC 125 psig
EV 270 N2 D1 EP-205-Ar actuation normally closed Asco 8320G132 (24 VDC) 24 VDC 200 psig
EV 287 V A4 EP-236-V actuation normally open Peter Paul Electronics 51X00111CD 120 VAC ~ atm
EV 346 AIR A3 Seal monitor pump cart anti-suck back valve actuation normally closed ARD Fluid Power A2155-120-A-G 120 VAC 100 psig 
EV 384 V B5 EP-383-V actuation normally closed MAC N-7557-019 120 VAC 100 psig 

Filters
F 395 Ar F3 Removal of O2, H2O, and HCs from Luke contamination gas  ------ Airgas Y40-RES0010K  ------ 160 psig
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Flowmeters
FI 278 Ar F2 Luke vapor pump trapped volume relief (PSV-156-Ar) 0 - 50 sccm Dwyer RMA-151-SSV  ------ 100 psig
FI 279 Ar F2 Luke vapor pump electronic purge 0 - 50 sccm Dwyer RMA-151-SSV  ------ 100 psig
FI 280 Ar F1 Luke ASME relief purge (PSV-210-Ar) 0 - 50 sccm Dwyer RMA-151-SSV  ------ 100 psig
FI 281 Ar F1 Molecular sieve trapped volume relief purge (PSV-219-Ar) 0 - 50 sccm Dwyer RMA-151-SSV  ------ 100 psig
FI 282 Ar F1 O2 filter inlet side trapped volume relief (PSV-249-Ar) 0 - 50 sccm Dwyer RMA-151-SSV  ------ 100 psig
FI 283 Ar F1 O2 filter outlet side trapped volume relief (PSV-250-Ar) 0 - 50 sccm Dwyer RMA-151-SSV  ------ 100 psig
FI 284 Ar F1 Material lock release mechanism argon purge 0 - 50 sccm Dwyer RMA-151-SSV  ------ 100 psig
FI 312 Ar G2 Oxygen monitor inlet flowrate 0 - 5 SCFH SP is 2 SCFH N2 equiv Dwyer VFA-3  ------ 150 psig
FI 315 Ar F1 Air lock argon purge flowmeter 0 - 10 SCFH Dwyer RMB-50-SSV  ------ 100 psig
FI 390 Ar E2 Bo ASME relief purge (PSV-378-Ar) 0 - 50 sccm Dwyer RMA-151-SSV  ------ 100 psig
FI 391 Ar E2 Not in use 0 - 50 sccm Dwyer RMA-151-SSV  ------ 100 psig
FI 392 Ar E2 Not in use 0 - 50 sccm Dwyer RMA-151-SSV  ------ 100 psig
FI 406 HAr D6 Oxygen filter regeneration gas flow rate (metering valve limits to 5 SCFH) 0 - 50 SCFH Dwyer RMB-52-SSV  ------ 100 psig

Flow restricting orifices
FO 212 Ar C7 Liquid argon source manifold argon flow restriction 0.122" dia. Fermilab  ------  ------  ------

Heating elements
HTR 8 HAr B4 Oxygen filter regeneration heater 1000W / 240 VAC Omega heating tape compressed by a clamshell  ------  ------
HTR 21 Ar B1 Luke vapor pressure building heater 250 W /120 VAC Watlow Firerod  ------  ------
HTR 22 Ar A6 Bo vapor pressure building heater 250 W /120 VAC Watlow Firerod  ------  ------
HTR 55 HAr B4 Oxygen filter gas pre-heater 150 W / 120 VAC Watlow Firerod  ------  ------
HTR 72 HAr C1 Luke vapor pump filter regeneration heater 1500 W / 120 VAC Watlow Firerod  ------  ------
HTR 75 Ar C1 Luke vapor pump cup heater 250 W / 120 VAC Watlow Firerod  ------  ------
HTR 215 Ar C7 Molecular sieve regeneration heater 1000W / 240 VAC Omega heating tape compressed by a clamshell  ------  ------

Output to DAQ
INTL 325 Ar * 24 VDC output to purity monitor for liquid level interlock  ------  ------  ------  ------  ------

Liquid level transmitters
LT 10 N2 D1 Luke condenser LN2 level 0-20.5 inches American Magnetics Model 286 Controller 4-20 mA > 35 psig
LT 13 Ar C3 Luke cryostat LAr level 0-39.62 inches American Magnetics Model 286 Controller 4-20 mA > 35 psig
LT 372 Ar B7 Bo cryostat LAr level 0-39.62 inches American Magnetics Model 286 Controller 4-20 mA > 35 psig

Manual valves
MV 80 N G6 LN2 dewar pressure gauge isolation  ------ Swagelok SS-4BK-VCO  ------ 1000 psig
MV 85 N F6 LN2 dewar vapor line pressure sensing isolation  ------ Anderson Greenwood MM1VS 2-8174-3  ------ 6000 psig
MV 86 N F7 LN2 dewar level gauge equalization  ------ Anderson Greenwood MM1VS 2-8174-3  ------ 6000 psig
MV 87 N F7 LN2 dewar liquid line pressure sensing isolation  ------ Anderson Greenwood MM1VS 2-8174-3  ------ 6000 psig
MV 88 N G6 LN2 dewar pressure building regulator isolation  ------ Nibco ???  ------ 600 psig
MV 89 N H6 LN2 dewar pressure building loop isolation  ------ Nibco ???  ------ 600 psig
MV 90 V F8 LN2 dewar vacuum pump out  ------ Vacoa FO-100  ------ ~ atm
MV 90 N H7 LN2 dewar pressure relieving regulator isolation  ------ Nibco ???  ------ 600 psig
MV 91 V F7 LN2 dewar vacuum readout isolation  ------ Nupro SS-4BK-VCO  ------ 1000 psig
MV 91 N E7 LN2 dewar fill line drain valve  ------ Worcester 1/2 C4416P  ------ 870 psig
MV 92 N F7 LN2 dewar fill line isolation  ------ Worcester 1 1/2 C4416P  ------ 870 psig
MV 93 N H7 LN2 dewar vapor vent  ------ Nibco ???  ------ 600 psig
MV 94 N G8 LN2 dewar full trycock  ------ Nibco ???  ------ 600 psig
MV 95 N F6 LN2 dewar pressure building loop bypass  ------ Nibco ???  ------ 600 psig
MV 96 N F6 LN2 dewar pressure building regulator isolation  ------ Nibco ???  ------ 600 psig
MV 97 N F6 LN2 dewar liquid withdrawal  ------ Cryolab ES7-86-2TPC2  ------ ???
MV 98 N H7 LN2 dewar relief valve selector  ------ Anderson Greenwood SVS-0600T-BSTC  ------ 1200 psig
MV 99 N H7 LN2 dewar vapor vent valve  ------ Anderson Greenwood H5VB 22  ------ > 75 psig
MV 100 N F6 LN2 dewar liquid into PAB isolation  ------ Cryolab CV8-086-5WPY?2-ED  ------ 150 psig
MV 101 N H7 LN2 dewar vapor vent valve  ------ Anderson Greenwood H5VB 22  ------ > 75 psig
MV 107 N F6 LN2 dewar isolation for future gas use  ------ Nibco ???  ------ 600 psig
MV 119 N F6 LN2 liquid transfer line branch isolation  ------ Cryolab CV8-084-SWTG2  ------ 100 psig
MV 120 N E6 LN2 liquid transfer line Luke/Bo branch isolation  ------ Cryolab CV8-086-SWPG2  ------ 150 psig
MV 124 Ar E3 Ar with O2 contamination source bottle regulator outlet isolation  ------ Scientific Gas Products 5939  ------ 3000 psig
MV 127 Ar E3 Ar with O2 contamination source line regulator outlet isolation  ------ Nupro B-4HK2  ------ 1000 psig
MV 128 Ar E3 Gas contamination introduction isolation  ------ Swagelok SS-4BK-TW  ------ 1000 psig
MV 131 N2 F3 N2 contamination source regulator outlet isolation  ------ Swagelok SS-4BK-TW  ------ 1000 psig
MV 132 N2 G3 Contamination manifold vacuum isolation  ------ Swagelok SS-4BK-VCO  ------ 1000 psig
MV 202 Ar C4 Filter assembly inlet isolation  ------ Swagelok SS-4BG-V51  ------ 1000 psig
MV 204 Ar B8 Liquid argon source manifold argon line isolation/pumpout  ------ Swagelok SS-8BG-V47  ------ 1000 psig
MV 208 Ar C4 Filter assembly outlet isolation  ------ Swagelok SS-4BG-V51  ------ 1000 psig
MV 213 Ar C7 Liquid argon source manifold isolation  ------ Swagelok SS-8BG-V47  ------ 1000 psig
MV 217 Ar C7 Molecular sieve isolation  ------ Swagelok SS-8BG-V47  ------ 1000 psig
MV 218 Ar C7 Molecular sieve isolation/pumpout  ------ Swagelok SS-8BG-V47  ------ 1000 psig
MV 224 V A5 Transfer line insulating vacuum pump cart roughing pump port isolation  ------ Leybold 281 53B1  ------ ~ atm
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MV 227 V A5 Insulating vacuum pump cart port isolation  ------ MKS 22406  ------ ~ atm
MV 228 V A5 Insulating vacuum pump cart port isolation  ------ Leybold 281 53B1  ------ ~ atm
MV 229 V A4 Cryostat pump cart port isolation  ------ Unknown model Unknown brand  ------ ~ atm
MV 237 V A3 Seal monitor pump cart isolation  ------ Norcal 3879-01455  ------ ~ atm
MV 239 Ar B6 Liquid argon bypass for both Luke and Bo  ------ Swagelok SS-8BG-V47  ------ 1000 psig
MV 241 Ar C3 Gas contamination introduction isolation  ------ Parker/Veriflo 930 series  ------ 250 psig
MV 242 Ar C3 Gas contamination introduction isolation  ------ Swagelok 6LV-DLBW4  ------ 3500 psig
MV 244 Ar C3 Luke cryo isolation valve  ------ Swagelok SS-8BG-V47  ------ 1000 psig
MV 246 Ar D3 Gas contamination introduction isolation  ------ Swagelok 6LV-DLBW4  ------ 3500 psig
MV 247 Ar C3 Luke vapor pump filter regeneration gas outlet isolation  ------ Swagelok SS-8BG-V47  ------ 1000 psig
MV 248 Ar C2 Luke vapor pump filter regeneration gas inlet isolation  ------ Swagelok SS-8BG-V47  ------ 1000 psig
MV 251 V C2 "Air lock" vacuum isolation  ------ MDC AV-150  ------ ~ atm
MV 252 Ar C2 "Air lock" argon bottle purge isolation  ------ Swagelok SS-4BG-V51  ------ 1000 psig
MV 253 Ar C2 "Air lock" cryostat vapor purge isolation  ------ Swagelok SS-4BG-V51  ------ 1000 psig
MV 254 V C2 Luke materials test station air lock pass thru  ------ Norcal GVM-6002-CF  ------ > 35 psig
MV 255 Ar C1 Luke manual vapor vent  ------ Swagelok SS-8BG-V47  ------ 1000 psig
MV 256 Ar C2 "Air lock" purge vent isolation  ------ Swagelok SS-4BG-V51  ------ 1000 psig
MV 261 V B1 Luke insulating vacuum isolation/pumpout  ------ Swagelok SS-4BG-V51  ------ 1000 psig
MV 265 N2 B5 Bleed up cylinder regulator outlet isolation  ------ Parker ???  ------ ~ 1000 psig
MV 267 V C5 Transfer line insulating vacuum nitrogen bleed up isolation  ------ Swagelok SS-4BK-VCO  ------ 1000 psig
MV 268 Air E1 Shop air isolation  ------ Worcester 1/2" 416N SE  ------ 250 psig
MV 277 Ar F2 Argon purge regulator outlet isolation  ------ Legris Appears to be a 4812 10 17  ------ 2030 psig
MV 290 Ar C2 Air lock purge inlet isolation  ------ Swagelok SS-4BG-V51  ------ 1000 psig
MV 291 Ar D2 Air lock purge oxygen monitor isolation  ------ Swagelok SS-4BG-V51  ------ 1000 psig
MV 294 Ar G1 Oxygen monitor manifold inlet isolation  ------ Swagelok SS-4BG-V51  ------ 1000 psig
MV 295 V G1 Oxygen monitor vacuum pump isolation  ------ Swagelok SS-4BG-V51  ------ 1000 psig
MV 296 Ar F1 Oxygen monitor open port isolation  ------ Swagelok SS-4BG-V51  ------ 1000 psig
MV 300 Ar G2 Oxygen monitor metering valve  ------ Swagelok SS-4MG-XX  ------ 700 psig
MV 310 Ar G2 Oxygen monitor inlet isolation  ------ Nupro SS-DLXX  ------ 3500 psig
MV 316 Ar F2 Argon purge flowmeter manifold inlet isolation  ------ Unknown Brand Unknown Model  ------ ~ 1000 psig
MV 327 Ar D1 Luke condenser argon space vent  ------ Swagelok SS-4BG-V51  ------ 1000 psig
MV 328 Ar C2 Luke vapor pump equalization isolation  ------ Swagelok SS-8BG-TW  ------ 1000 psig
MV 329 Ar C2 Luke vapor pump vent isolation  ------ Swagelok SS-8BG-TW  ------ 1000 psig
MV 333 CO2 D3 Vapor pump transport CO2 bottle regulator outlet isolation  ------ Parker 4PM-PR4-VT-B  ------ 3000 psig
MV 336 V C3 Vapor pump cold valve vacuum isolation  ------ Swagelok SS-4BK-TW  ------ 1000 psig
MV 337 He C3 Vapor pump cold valve isolation at vapor pump top flange  ------ Nupro SS-4P4T4  ------ 3000 psig
MV 338 He C3 Vapor pump cold valve He supply isolation  ------ Nupro SS-4BK-VCO  ------ 1000 psig
MV 342 He D4 He bottle regulator outlet isolation  ------ Unknown Brand Unknown Model  ------ ~ 3000 psig
MV 354 Ar C3 Luke liquid space tap isolation  ------ Swagelok SS-4BG-V51  ------ 1000 psig
MV 360 V B3 Luke vacuum pumpout isolation valve  ------ MDC AV-250  ------ ~ atm
MV 365 V C5 O2 filter vacuum isolation (downstream tap)  ------ Swagelok SS-8BG-V47  ------ 1000 psig
MV 366 V C5 O2 filter vacuum isolation (upstream tap)  ------ Swagelok SS-8BG-V47  ------ 1000 psig
MV 368 V A7 Bo insulating vacuum isolation  ------ Swagelok SS-4BG-V51  ------ 1000 psig
MV 369 V A7 Bo insulating vacuum isolation/pumpout  ------ Balzers EVA 016H  ------ ~ atm
MV 370 Ar C3 Luke drain valve  ------ Swagelok SS-8BG-V47  ------ 1000 psig
MV 375 N2 D5 PT-27-N2 isolation  ------ Parker 4F-PR4-VT-B  ------ 3000 psig
MV 379 Ar B6 Bo LAr fill isolation valve  ------ Swagelok SS-8BG-V47  ------ 1000 psig
MV 380 Ar B6 Bo venting isolation  ------ Swagelok SS-8BG-V47  ------ 1000 psig
MV 381 V B6 Bo inner vessel vacuum pumpout  ------ MDC AV250  ------ ~ atm
MV 386 V A5 Bo vacuum pump cart rough pump isolation  ------ Leybold 2870282  ------ ~ atm
MV 387 V B5 Bo vacuum pump cart bleed up valve  ------ Rial Unknown Model  ------ ~ atm
MV 393 Ar F2 Luke contamination gas filter isolation  ------ Carten MD250-05-LV  ------ 375 psig
MV 394 Ar F3 Luke contamination gas filter isolation  ------ Carten MD250-05-LV  ------ 375 psig
MV 401 HAr E8 5% H2 95% Ar O2 filter regeneration gas metering valve  ------ Swagelok SS-SS4-VH  ------ 2000 psig
MV 418 HAr E7 Regeneration vacuum pump isolation  ------ Whitey B-42S4  ------ 2500 psig
MV 419 HAr E7 Regeneration vacuum pump isolation  ------ Whitey B-42S4  ------ 2500 psig
MV 420 HAr E7 Regeneration vacuum pump bleed up  ------ Nupro B-4JN  ------ 600 psig
MV 461 HAr C4 One pass fill filter regeneration isolation  ------ Swagelok SS-8BG-V47  ------ 1000 psig
MV 480 HAr C5 One pass fill filter regeneration isolation  ------ Swagelok SS-8BG-V47  ------ 1000 psig
MV V2 Air D8 Regulator isolation  ------ Swagelok SS-4P4T4  ------ 3000 psig
MV V4 Air D8 Regulator isolation  ------ Swagelok SS-4P4T4  ------ 3000 psig
MV V7 Ar D7 Line pressure regulator outlet isolation  ------ Concoa Unknown Model  ------ ~ 1000 psig
MV V8 HAr E7 Regeneration vacuum pump isolation  ------ Swagelock B-4HK  ------ 1000 psig
MV V9 HAr D6 Bench top oxygen filter regeneration isolation  ------ Swagelok SS-4P4T4  ------ 3000 psig
MV V10 HAr D7 Regeneraton gas isolation  ------ Swagelok SS-4P4T4  ------ 3000 psig
MV V12 HAr D7 Regeneraton gas isolation  ------ Swagelok SS-4P4T4  ------ 3000 psig
MV V14 HAr E8 5% H2 95% Ar O2 filter regeneration gas bottle regulator outlet isolation  ------ Matheson LMF4373  ------ 3500 psig
MV V17 HAr E7 Regeneraton gas isolation  ------ Swagelok SS-4P4T4  ------ 3000 psig
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Pressure regulators and pressure control valves
PCV 70 N F8 Fill shut off valve (Sensitive to vibration) 75 psig (MAWP) Messer / Chart MG-97 P  ------ 600 psig
PCV 121 Ar E3 Ar with O2 contamination source bottle regulator 30 psig Scientific Gas Products R35D 350  ------ 3000 psig
PCV 125 Ar E3 Ar with O2 contamination source line regulator 10 psig (25 psig max outlet) Air Products E11-B-N141A  ------ 400 psig
PCV 129 N2 F3 Nitrogen contamination source bottle regulator 30 psig Parker / Veriflo 735 series  ------ 3500 psig
PCV 262 N2 B5 LAr transfer line insulating vacuum bleed up regulator 10 psig Victor VTS 450B  ------ 3000 psig
PCV 269 Air E1 Shop air point of use regulator 100 psig (0-125 psig range) Norgren B12-496-M3LA  ------ 250 psig
PCV 273 Ar F2 Argon purge bottle regulator 15 psig Victor VTS 450B  ------ 3000 psig
PCV 292 Air D2 Materials basket catch/release mechanism line pressure regulation 40 psig Humphrey 062-4E1-36  ------ 125 psig
PCV 297 Ar G1 Oxygen monitor inlet pressure regulation 5 psig Matheson 9463-4-V4FM  ------ 3000 psig
PCV 330 CO2 D3 Vapor pump transport CO2 bottle regulator 30 psig IMI Cornelius Inc 857-A Style PL-160  ------ 2400 psig
PCV 339 He D4 Vapor pump cold valve He supply bottle regulator 30 psig Victor VTS 450B  ------ 3000 psig
PCV 388 N2 E2 Luke condenser  back pressure regulator 30 psig Cash Acme 123-5 1 in. x 1 in.  ------ ????
PCV 396 HAr E8 O2 filter regeneration gas bottle regulator (located outside PAB) 20 psig Airco 400 Series  ------ 4000 psig
PCV 402 Ar D7 Line pressure regulation Not in use Concoa 400 Series  ------ 4000 psig

Vacuum pressure elements 
PE 91 V F7 LN2 dewar insulating vacuum 10-4- 1000 Torr Hastings gauge tube  ----- ~ atm

PE 225 V B8 Liquid argon source manifold insulating vacuum 10-4- 1000 Torr Granville-Phillips 275 series gauge tube  ----- ~ atm

PE 226 V A5 Insulating vacuum pump cart inter stage pressure 10-4- 1000 Torr Granville-Phillips 275 series gauge tube  ----- ~ atm

PE 230 V A5 Insulating vacuum pump cart pressure 10-4- 1000 Torr Granville-Phillips 275 series gauge tube  ----- ~ atm

PE 231 V A5 Insulating vacuum pump cart pressure 10-4- 1000 Torr Granville-Phillips 275 series gauge tube  ----- ~ atm

PE 234 V C5 Transfer line insulating vacuum pressure 10-4- 1000 Torr Granville-Phillips 275 series gauge tube  ----- ~ atm

PE 235 V C4 Oxygen filter insulating vacuum 10-4- 1000 Torr Granville-Phillips 275 series gauge tube  ----- ~ atm

PE 239 V A2 Seal monitor pump cart pressure 10-4- 1000 Torr Granville-Phillips 275 series gauge tube  ----- ~ atm

PE 288 V A4 Cryostat pump cart vacuum pressure 10-4- 1000 Torr Hastings gauge tube  ----- ~ atm

PE 312 V G1 Oxygen monitor manifold vacuum pump inlet pressure 10-4- 1000 Torr Granville-Phillips 275 series gauge tube  ----- ~ atm

PE 348 V D2 LN2 transfer insulating vacuum near Luke 10-4- 1000 Torr Hastings gauge tube  ----- ~ atm

PE 371 V A7 Bo insulating vacuum gauge tube 10-4- 1000 Torr Granville-Phillips 275 series gauge tube  ----- ~ atm

PE 408 V E6 LN2 transfer insulating vacuum dewar side 10-4- 1000 Torr Hastings gauge tube  ----- ~ atm

PE 409 V E6 LN2 transfer insulating vacuum highbay side 10-4- 1000 Torr Hastings gauge tube  ----- ~ atm

PE 416 HAr E7 Regeneration gas vent line pressure 10-4- 1000 Torr Granville-Phillips 275 series gauge tube  ----- ~ atm

PE 417 HAr E7 Regeneration gas vacuum pump inlet pressure 10-4- 1000 Torr Granville-Phillips 275 series gauge tube  ----- ~ atm

Pressure indicating gauges
PI 12 Ar C1 Luke cryostat Ar pressure 30-0-60 psig AMETEK 1535-V-0-60-PSI/KPA-CBM-FVCR-FR  ----- 60 psig
PI 44 N2 D5 LN2 transfer line pressure 0 - 150 psig US Gauge Unknown model  ----- 150 psig
PI 100 N G6 LN2 dewar pressure 0 - 100 psig US Gauge 150025X  ----- 100 psig
PI 122 Ar F3 Ar with O2 contamination source bottle pressure 0 - 3000 psig Scientific Gas Products Unknown model  ----- 3000 psig
PI 123 Ar F3 Ar with O2 contamination source regulated bottle pressure 30 - 0 - 30 psig US Gauge Unknown model  ----- 30 psig
PI 126 Ar F3 Ar with O2 contamination source regulated line pressure 30 - 0 - 30 psig Unknown brand Unknown model  ----- 30 psig
PI 130 N2 G3 N2 contamination source bottle pressure 0 - 3000 psig Wika Unknown model  ----- 3000 psig
PI 133 N2 D1 LN2 vent back pressure 30 - 0 - 150 psig US gauge Unknown model  ----- 30 psig
PI 134 N2 G3 N2 contamination regulated pressure 0 - 60 psig Wika Unknown model  ----- 60 psig
PI 243 Ar C3 Gas contamination sample bottle isolation 30-0-150 psig AMETEK 160552  ----- 150 psig
PI 263 N2 B5 Bleed up cylinder bottle pressure 0 - 4000 psig US Gauge BU-2581-AQ  ----- 4000 psig
PI 264 N2 B5 Bleed up cylinder regulated pressure 0 - 60 psig US Gauge CU-2581-HY  ----- 60 psig
PI 272 Air E1 Shop air regulated pressure 0 - 160 psig Unknown brand Unknown model  ----- 160 psig
PI 274 Ar F2 Argon purge cylinder pressure 0 - 4000 psig US Gauge BU-2581-AQ  ----- 4000 psig
PI 275 Ar F2 Argon purge cylinder regulated pressure 0 - 60 psig US Gauge CU-2581-HY  ----- 60 psig
PI 293 Air D2 Materials basket catch/release mechanism line pressure regulator outlet 0 - 200 psig ??? ???  ----- 200 psig
PI 298 Ar G1 Oxygen monitor line pressure regulator inlet pressure 0 - 3000 psig Matheson 63 - 2233V  ----- 3000 psig
PI 299 Ar G1 Oxygen monitor line pressure regulator outlet pressure 30 - 0 - 60 psig Matheson 63 - 2206V  ----- 60 psig
PI 326 Ar C1 Material lock pressure 30 - 0 - 60 psig US Gauge Unknown model  ----- 60 psig
PI 331 CO2 D3 Vapor pump transport CO2 bottle regulator inlet pressure 0 - 2000 psig Unknown brand Unknown model  ----- 2000 psig
PI 332 CO2 D3 Vapor pump transport CO2 bottle regulator outlet pressure 0 - 200 psig US Gauge Unknown model  ----- 200 psig
PI 334 CO2 D3 Vapor pump cold valve pressure 30 - 0 - 30 psig US Gauge Unknown model  ----- 30 psig
PI 340 He D4 He bottle regulator inlet 0 - 4000 psig US Gauge Unknown model  ----- 4000 psig
PI 341 He D4 He bottle regulator outlet 0 - 60 psig US Gauge Unknown model  ----- 60 psig
PI 345 Ar B7 LAr supply manifold line pressure 30 - 0 - 400 psig Ashcroft 25-1009SWXVKLL        ----- 400 psig
PI 363 Ar B7 Bo cryostat Ar pressure 30-0-60 psig Ashcroft 25-1009SWXVKLL        ----- 60 psig
PI 397 HAr E8 5% H2 95% Ar O2 filter regeneration gas bottle regulator inlet pressure 0 - 3000 psig Marsh Unknown model  ----- 3000 psig
PI 398 HAr E8 5% H2 95% Ar O2 filter regeneration gas bottle regulator outlet pressure 0 - 30 psig Marsh Unknown model  ----- 30 psig
PI 403 Ar D7 Line pressure 0 - 2000 psig Wika Unknown model  ----- 2000 psig
PI 404 Ar D7 Line pressure regulator inlet pressure 0 - 4000 psig Concoa 0550-0208  ----- 4000 psig
PI 405 Ar D7 Line pressure regulator outlet pressure 30 - 0 - 100 psig Concoa 0550-0202  ----- 100 psig
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Pressure relief valves
PSV 101 N2 D5 LN2 transfer line trapped volume relief 100 psig Circle Seal 5100-2MP  ----- 2400 psig
PSV 117 N2 F6 LN2 transfer line trapped volume relief 100 psig Circle Seal 5100-2MP  ----- 2400 psig
PSV 118 N2 E6 LN2 transfer line trapped volume relief 100 psig Circle Seal 5100-2MP  ----- 2400 psig
PSV 136 Ar F3 Contamination gas supply line relief 100 psig Circle Seal 5100-2MP  ----- 2400 psig
PSV 137 N2 B5 Bleed up gas supply line relief 100 psig Circle Seal 5100-2MP  ----- 2400 psig
PSV 156 Ar C2 Luke vapor pump trapped volume relief 45 psig Circle Seal 5100-4MP  ----- 2400 psig
PSV 203 Ar G8 Liquid argon source manifold trapped volume relief 400 Circle Seal 5100-4MP  ----- 2400 psig
PSV 210 Ar C1 Luke LAr volume pressure relief (ASME coded) 35 psig Anderson Greenwood 83SF1216F  ----- 2000 psig
PSV 211 Ar C7 Pbar molecular sieve filter dewar inner vessel relief 35 psig Circle Seal 5100-8MP  ----- 2400 psig
PSV 219 Ar C7 Molecular sieve trapped volume relief 400 Circle Seal 5100-2MP  ----- 2400 psig
PSV 249 Ar C4 LAr transfer line trapped volume relief 400 psig Circle Seal 5100-2MP  ----- 2400 psig
PSV 250 Ar C4 LAr transfer line trapped volume relief 400 psig Circle Seal 5100-2MP  ----- 2400 psig
PSV 276 Ar F2 Argon purge pressure relief 30 psig Circle Seal 5200-2MP  ----- 2400 psig
PSV 313 Ar C2 Materials lock pressure relief for bellows protection ~10 psig Circle Seal 500-8MP  ----- 2400 psig
PSV 335 CO2 D3 Vapor pump transport CO2 supply relief (also relieves He when in Luke) 30 psig Circle Seal 500-2MP  ----- 200 psig
PSV 343 He D4 He bottle supply relief valve 42 psig Circle Seal 5120B-2MP  ----- 2400 psig
PSV 344 V D4 LAr transfer line vacuum relief ~3 psig Fermilab 4 inch parallel plate relief  ----- ~ atm
PSV 377 Ar B6 Bo LAr volume pressure relief (ASME coded) 35 psig Anderson Greenwood 83SF1216F  ----- 2000 psig
PSV 378 Ar B6 Bo LAr volume operational relief 10 psig Circle Seal 5200-10MP  ----- 2400 psig
PSV 389 N2 E2 Luke condenser trapped volume relief 61 psig Circle Seal 5120T-2MP  ----- 2400 psig
PSV 399 HAr E8 5% H2 95% Ar O2 filter regeneration gas supply relief 350 psig Nupro B-4CP2  ----- 3000 psig
PSV 400 HAr E8 5% H2 95% Ar O2 filter regeneration gas supply relief 27 psig Circle Seal 5159B-4MP  ----- 2400 psig
PSV 407 Ar D7 Gas supply relief valve 1500 psig Anderson Greenwood 83MC68-4  ----- 2000 psig

Pressure transmitters
PT 1 N2 D1 Luke condenser LN2 back pressure 0-50 psig Setra C206 4-20 mA 150 psig
PT 11 Ar C1 Luke Ar vapor pressure 0-50 psia Setra GCT-225 (2251-050P-A-D4-11-B1) 4-20 mA 75 psig
PT 15 V C5 LAr transfer line insulating vacuum 10-4- 1Torr linear & 10-4- 1000 Torr non-linear Granville-Phillips 275857-EU 0-10 VDC ~ atm

PT 17 V A7 Bo cryostat insulating vacuum 10-4-1Torr linear & 10-4-1000 Torr non-linear Granville-Phillips 275857-EU 0-10 VDC ~ atm

PT 19 V C1 Luke Argon volume rough vacuum 10-4- 760 Torr Varian (Controller Part# L8350301) ConvecTorr gauge board  (Part# L9887301) 0 - 7 VDC, 1 V per decade log-linear ~ atm

PT 27 N2 D5 Nitrogen transfer line pressure 0-100 psig Setra 205-2 0-5 DC 100 psig
PT 33 V C1 Luke Argon volume high vacuum 10-11 Torr to 10-3 Torr Varian (Controller Part# L8350301) UHV Bayard-Alpert gauge board (Part# L8321301) 0-10 VDC, 1 V per decade log-linear ~ atm

PT 51 N G5 LN2 dewar pressure transmitter 0-100 psig Setra 205-2 0-5 DC ~ atm
PT 68 V B1 Luke dewar insulating vacuum 10-4- 1Torr linear & 10-4- 1000 Torr non-linear Granville-Phillips 275857-EU 0-10 VDC ~ atm

PT 69 V A3 Luke seal monitoring at vacuum pump 10-4- 1Torr linear & 10-4- 1000 Torr non-linear Granville-Phillips 275857-EU 0-10 VDC ~ atm

PT 180 V C7 P-bar mole sieve filter dewar - filter insulating vacuum 10-4-1Torr linear & 10-4-1000 Torr non-linear Granville-Phillips 275857-EU 0-10 VDC ~ atm

PT 181 V C7 P-bar mole sieve filter dewar - dewar insulating vacuum 10-4-1Torr linear & 10-4-1000 Torr non-linear Granville-Phillips 275857-EU 0-10 VDC ~ atm

PT 185 V C2 Materials lock rough vacuum 10-4- 760 Torr Varian (Controller Part# L8350301) ConvecTorr gauge board  (Part# L9887301) 0 - 7 VDC, 1 V per decade log-linear ~ atm

PT 186 V C2 Materials lock high vacuum 10-11 Torr to 10-3 Torr Varian (Controller Part# L8350301) UHV Bayard-Alpert gauge board (Part# L8321301) 0-10 VDC, 1 V per decade log-linear ~ atm

PT 154 V B4 Pbar oxygen filtering dewar filter insulating vacuum 10-4-1Torr linear & 10-4-1000 Torr non-linear Granville-Phillips 275857-EU 0-10 VDC ~ atm

PT 320 Air D1 Shop Air Pressure Transmitter 0-500 psig Setra C206 4-20 mA 500 psig
PT 323 Ar F2 Argon purge pressure transmitter 0-50 psig Setra C206 4-20 mA 100 psig
PT 373 Ar B7 Bo Ar vapor pressure 0-50 psia Setra GCT-225 (2251-050P-A-D4-11-B1) 4-20 mA 75 psig
PT 374 V B7 Bo Argon volume rough vacuum 10-4- 760 Torr Varian (Controller Part# L8350301) ConvecTorr gauge board  (Part# L9887301) 0 - 7 VDC, 1 V per decade log-linear ~ atm

PT 382 V B5 Bo vacuum pump cart inlet full range pressure transmitter 5 x 10-10 to 1000 mbar Leybold ITR-90 0 - 10 VDC ~ atm

PT 385 V A5 Bo vacuum pump cart rough pump inlet pressure transmitter 5 x 10-4 to 1000 mbar Leybold TTR-91 S 2 - 10 VDC ~ atm

Rupture disks
RD 99 N H6 LN2 dewar rupture disk 105 psig Fike CPU BT  ----- > 105 psig
RD 100 N H7 LN2 dewar rupture disk 105 psig Fike CPU BT  ----- > 105 psig
RD 209 Ar C7 Pbar molecular sieve filter dewar inner vessel relief 40 psig Fike CPV BT (1 inch)  ----- 275 psig
RD 301 V B4 Pbar oxygen filtering dewar filter insulating volume pressure relief 40 psig Fike CPV BT (1 inch)  ----- 275 psig
RD 302 Ar B1 Luke cryostat LAr volume pressure relief 55 psig BS&B JRS  ----- > 55 psig
RD 376 Ar B6 Luke cryostat LAr volume pressure relief 55 psig BS&B JRS  ----- > 55 psig

Pressure regulators
RV 36 N G6 LN2 dewar pressure building regulator 30 psig Cash Acme B  ----- 400 psig
RV 90 N H6 LN2 dewar pressure relieving regulator 35 psig Cash Acme FR  ----- 400 psig

Strainers
S 91 N E7 LN2 dewar fill line strainer  ------ Mueller 1715 Class 300  ----- 500 psig @ 150 oF
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Relief valves

SV 90 N F7 LN2 dewar fill line trapped volume relief 200 psig Circle Seal 5120B-4MP-200  ----- 2400 psig
SV 90 V G8 LN2 dewar vacuum jacket relief ~ 0 psig, no spring Circle Seal Parallel Plate - 3.5"  ----- ~ atm
SV 96 N F6 LN2 dewar pressure building loop trapped volume relief 80 psig Circle Seal 5159B-4MP-80  ----- 2400 psig
SV 97 N G6 LN2 dewar pressure building loop trapped volume relief 80 psig Circle Seal 5159B-4MP-80  ----- 2400 psig
SV 98 N G6 LN2 dewar pressure building loop trapped volume relief 80 psig Circle Seal 5159B-4MP-80  ----- 2400 psig
SV 99 N H6 LN2 dewar relief valve 75 psig Anderson Greenwood 81S12166  ----- > 75 psig
SV 100 N H7 LN2 dewar relief valve 75 psig Anderson Greenwood 81S12166  ----- > 75 psig

Temperature elements
TE 6 N2 E5 LN2 transfer line cool down temperature (control) 70-400K Omega Platinum RTD (PR-19-2-100-1/8-6-E)  -----  -----
TE 7 Ar B4 O2 filter internal temperature (hard wired interlock)  -200 to 1300 C Omega Type K thermocouple  -----  -----
TE 23 Ar B1 HTR-21-Ar internal temperature (read out)  -200 to 1300 C Watlow Type K thermocouple  -----  -----
TE 24 Ar B1 HTR-21-Ar internal temperature (hard wired interlock)  -200 to 1300 C Watlow Type K thermocouple  -----  -----
TE 25 Ar A6 HTR-22-Ar internal temperature (read out)  -200 to 1300 C Watlow Type K thermocouple  -----  -----
TE 26 Ar A6 HTR-22-Ar internal temperature (hard wired interlock)  -200 to 1300 C Watlow Type K thermocouple  -----  -----
TE 54 Ar B4 O2 filter internal temperature (read out) 70-400K Minco 100 ohm platinum RTD (Part # S201PD)  -----  -----
TE 56 Ar B4 O2 filter regeneration gas pre-heater temperature (control)  -200 to 1300 C Omega Type K thermocouple  -----  -----
TE 57 Ar B4 O2 filter regeneration gas pre-heater temperature (hard wired interlock)  -200 to 1300 C Omega Type K thermocouple  -----  -----
TE 73 HAr C1 Luke Vapor pump filter regeneration heater (control)  -200 to 1300 C Omega Type K thermocouple  -----  -----
TE 74 HAr C1 Luke Vapor pump filter regeneration heater (hard wired interlock)  -200 to 1300 C Omega Type K thermocouple  -----  -----
TE 76 Ar C1 Luke Vapor pump "cup" heater (control)  -200 to 1300 C Omega Type K thermocouple  -----  -----
TE 77 Ar C1 Luke Vapor pump "cup" heater (hard wired interlock)  -200 to 1300 C Omega Type K thermocouple  -----  -----
TE 81 HAr B3 Luke Vapor pump filter bed (ID)  -200 to 1300 C Omega Type K thermocouple  -----  -----
TE 82 HAr B3 Luke Vapor pump filter bed (OD)  -200 to 1300 C Omega Type K thermocouple  -----  -----
TE 83 HAr B2 Luke Vapor pump filter bed (middle)  -200 to 1300 C Omega Type K thermocouple  -----  -----
TE 214 Ar C7 Molecular sieve regeneration temperature (hard wired interlock)  -200 to 1300 C Omega Type K thermocouple  -----  -----
TE 216 Ar C7 Molecular sieve regeneration temperature (controls)  -200 to 1300 C Omega Type K thermocouple  -----  -----
TE 324 Ar B1 Material lock elavator temperature probe 70-400K Minco - cryogenic 100 ohm platinum RTD (Part # S270PD12(E))  -----  -----
TE 410 Air E1 PAB high bay ambient air temperature 70-400K Minco 100 ohm platinum RTD (Part # S201PD)  -----  -----
TE 411 CS C3 Luke top flange temperature  -200 to 1300 C Omega Type K thermocouple  -----  -----
TE 412 CS  *** Luke top flange temperature  -200 to 1300 C Omega Type K thermocouple  -----  -----

* Found on EE-435364
*** Currently not in use
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1.4 - System Control Loops and Interlocks 
 
The safety of the cryogenic system does NOT depend upon the proper execution 
of any control loop or interlock.  The system does include a Beckhoff 
programmable logic controller (PLC) and an iFix computer terminal.  The 
controller has a loop that controls the flow of liquid nitrogen into Luke’s 
condenser based upon the desired pressure in the cryostat.  The PLC also 
contains a control loop for each of the 6 heaters in the system including the vapor 
pump.  The relief valves are sized to handle the maximum output of each heater.  
Each heater installation includes two temperature sensors.  One sensor is read 
out by the PLC and the other is hardwired to an interlock that drops the AC 
power if the sensor temperature is too high.  All heaters are contained within 
stainless steel vessels making it extremely unlikely a malfunction can start a fire. 
 
The only active element associated with Bo is the pressure building heater HTR-
22-Ar.   
 
Drawing 3942.520-EE-435364 contains the control system electrical schematics. 
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2.1a – Procedure for Filling “Luke” 
 
All operators must meet the training requirements specified in section 2.3. 
 
All steps of this procedure should be performed while wearing eye protection.  Cryogenic 
gloves and a face shield must be available in the immediate work area in case a leak must 
be addressed or a cold component handled. 
 

1. Start the argon purges.  MV-316-Ar, MV-277-Ar, and the argon bottle isolation valve 
should be open.  PCV-273-Ar outlet should be adjusted to 10 psig as indicated by PI-275-
Ar.  FI-278-Ar, FI-279-Ar, FI-280-Ar, FI-281-Ar, FI-282-Ar, FI-283-Ar, FI-390-Ar, and FI-
284-Ar should be set to 20 sccm. FI-315-Ar should be closed unless the material lock is 
being purged.  All Flowmeters except for FI-315-Ar should flow continuously to prevent 
oxygen from migrating into the bulk of the o-rings.   

 
2. The cryostat must be evacuated.  MV-345-Ar, MV-244-Ar, MV-370-Ar, MV-241-Ar, MV-

247-Ar, MV-248-Ar, MV-253-Ar, MV-254-V, MV-255-Ar, MV-360-V, MV-329-Ar, MV-327-
Ar, and EP-205-Ar must all be closed.  EP-78-Ar and EP-308-Ar should be open. 

 
3. Although the cryostat is rated for 15 psi external pressure, the insulating vacuum 

pressure should be checked on PT-68-V.  The insulating vacuum should be less than 100 
microns.  If the insulating vacuum has spoiled, a vacuum pump should be connected to 
MV-261-V or CVI-138-V and improved before pumping out the cryostat.  CVI-138-V does 
not have a spring, so it must be closed carefully when done pumping. 

 
4. The rough pump on the cryostat pump cart should be started.  A gauge read out should 

be connected to PE-288-V.  When the vacuum is less than 100 microns, MV-360-V can 
be slowly opened to begin pumping out the cryostat.  When PT-19-V indicates the 
cryostat pressure is below 1 Torr, the turbo pump may be started.  The cryostat should 
be pumped on until the pressure reported by PT-33-V is less than 10-5 Torr.  Typically the 
cryostat reaches a pressure in the 5 x 10-6 Torr range after several days of vacuum  
pumping prior to the fill.   

 
5. The oxygen filter cryostat insulating vacuum should be checked on PT-154-V.  If the 

vacuum is worse than 100 microns, a vacuum pump should be connected to CVI-289-V 
and the vacuum improved until it is less than 100 microns.  The purpose of this is to 
ensure the inner vessel is not evacuated with pressure in the insulating vacuum space. 

 
6. The transfer line insulating vacuum should be checked on PT-15-V.  If it is not less than 

100 microns, then it should be pumped down.  To do this, MV-224-V, MV-227-V, MV-
228-V, EP-222-V, EP-155-V, MV-267-V, and EP-362-V should all be closed.  The rough 
pump on the insulating vacuum pump cart should be started.  When a readout connected 
to gauge tube PE-226-V indicates a vacuum less than 100 microns, EP-362-V should be 
opened.  When the pressure reported by PE-226-V is less than 1 Torr, the turbo pump 
should be started.  When the pressure reported by PT-15-V (or PE-234-V) is less than 10 
microns, EP-362-V may be closed and the turbo pump turned off.   

 
7. The molecular sieve insulating vacuum should be checked on PT-181-V.  If the vacuum 

is worse than 100 microns, a vacuum pump should be connected to CVI-187-V and the 
vacuum improved until its less than 100 microns.  The purpose of this is to ensure the 
inner vessel is not evacuated with pressure in the insulating vacuum space. 

 
8. The inner vessel vacuum surrounding the molecular sieve should be checked on PT-180-

V.  If it is not less than 100 microns, the space should be pumped out.  To do this, MV-
224-V, MV-227-V, MV-228-V, EP-222-V, EP-362-V, and EP-155-V should all be closed.  
The rough pump on the insulating vacuum pump cart should be started.  When the 
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pressure reported by PE-226-V is less than 100 microns, EP-222-V should be opened.  
Once the pressure reported by PE-226-V is less than 1 Torr, the turbo pump should be 
started.  The inner vessel should be pumped on until PT-180-V reads 10 microns or less.  
Then EP-222-V should be closed.  The turbo pump should then be turned off and allowed 
to spin down.  

 
9. The piping between MV-213-Ar and MV-244-Ar must be pumped out before introducing 

argon.  MV-213-Ar, MV-218-Ar, EP-222-V, MV-228-V, MV-227-V, MV-224-V, EP-362-V, 
MV-480-HAr, MV-461-HAr, MV-239-Ar, MV-244-Ar, MV-365-V, MV-267-V, MV-379-Ar, 
and MV-366-V should all be closed.  EP-155-V, MV-202-Ar (must be left open during 
assembly), MV-208-Ar, and MV-217-Ar should be open.   

 
10. The rough pump on the insulating vacuum pump cart should be started.  When a gauge 

readout connected to PE-226-V indicates a vacuum less than 100 microns, the LN2 cold 
trap should be filled. 

 
11. MV-365-V and MV-366-V should be slowly opened.  When PE-226-V indicates a vacuum 

of less than 1 Torr, the turbo pump should  be turned on.  The piping should be pumped 
on for at least 4 hours.  

 
12. Close MV-365-V and MV-366-V.  Turn off the turbo pump.  Allow rough pump to run until 

LN2 trap is warm. 
 

13. The argon filling manifold insulating vacuum should be checked using PE-225-V.  If the 
vacuum is not less than 100 microns, a vacuum pump should be connected to CVI-207-V 
and the insulating space pumped until the vacuum is less than 100 microns.  CVI-207-V 
should then be closed and the vacuum pump disconnected. 

 
14. Empty liquid dewars should be removed using 2.1h – Procedure for Removing 

Stockroom Liquid Argon Dewars from the System. 
 

15. MV-213-Ar and MV-204-Ar should be verified as closed.  Follow procedure 2.1g  - 
Procedure for Connecting Stockroom Liquid Argon Dewars to the System to connect four 
high pressure liquid argon dewars from the Fermilab stockroom to the manifold.  

 
16. MV-360-V should  be closed and the turbo pump on the cryostat pump cart turned off and 

allowed to spin down.   
 

17. MV-204-Ar, MV-218-Ar, MV-480-HAr, MV-461-HAr, MV-365-V, MV-366-V, MV-239-Ar, 
MV-370-Ar, MV-241-Ar, MV-247-Ar, MV-248-Ar, MV-254-V, MV-255-Ar, EP-205-Ar, MV-
253-Ar, MV-379-Ar, MV-380-Ar, MV-327-Ar, and MV-244-Ar should be verified as closed. 

 
18. MV-213-Ar, MV-217-Ar, and MV-208-Ar should be open.   

 
19. Slowly open the liquid withdrawal isolation valve on one of the stock room dewars and 

charge the system with argon.  Open the liquid withdrawal valve on the rest of the 
connected dewars.   

 
20. Slowly open MV-239-Ar to allow argon to flow out the vent and cool down the transfer 

line.  This should be done at least until TE-56-Ar reaches a stable minimum temperature 
and it appears that liquid is flowing out the vent piping.   

 
21. Close MV-239-Ar. 

 
22. Very slowly open MV-244-Ar and bring the cryostat to positive pressure as indicated by 

PI-12-Ar. 
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23. Once the cyrostat is at positive pressure and the pressure is slowly rising, fully open MV-
255-Ar.  EP-205-Ar may also be opened to increase vent flow.   

 
24. Adjust MV-244-Ar to balance the flow such that the cryostat remains below 20 psig during 

the fill. 
 

25. Liquid level will be indicated by LT-13-Ar.  Fill the cryostat to the desired level, but not 
beyond 32 inches.  About 12 inches of liquid depth is required to submerge the purity 
monitor.   

 
26. Close MV-244-Ar.   

 
27. Turn on automatic pressure control at computer.  Close MV-255-Ar.  Computer will use 

HTR-21-Ar to build pressure, the LN2 condenser to reduce pressure, and if needed EP-
205-Ar to vent excess pressure.  If there is a problem with the computer terminal or PLC, 
leave MV-255-Ar open.  The boil off vapor will vent thru the vaporizer and the liquid purity 
will be maintained. 

 
28. The high pressure stockroom dewars may remain open and connected to the system for 

future charging if desired. 
 
2.1b – Procedure for Emptying “Luke” 
 
All operators must meet the training requirements specified in section 2.3. 
 
All steps of this procedure should be preformed while wearing eye protection.  Cryogenic 
gloves and a face shield must be available in the immediate work area in case a leak must 
be addressed or a cold component handled. 
 

1. MV-360-V, MV-244-Ar, MV-370-Ar, MV-241-Ar, MV-247-Ar, MV-248-Ar, MV-254-V, MV-
255-Ar, MV-253-Ar, and EP-205-Ar should be closed. EP-308-Ar and EP-78-Ar should be 
open. 

 
2. Turn off the nitrogen control loop at the computer.  Leave the pressure venting control 

loop on.  Open MV-370-Ar.  Cryostat vapor pressure will push the liquid out of the 
cryostat.   

 
3. Last bit of liquid at cryostat bottom will slowly evaporate.  EP-205-Ar will automatically 

vent remaining liquid as vapor.     
 
2.1c – Procedure for Operating “Air Lock” during Material Insertion 
 
All operators must meet the training requirements specified in section 2.3. 
 
All steps of this procedure should be preformed while wearing eye protection.  Cryogenic 
gloves and a face shield must be available in the immediate work area in case a leak must 
be addressed or a cold component handled. 
 

1. Cryostat should be in a stable operating condition with the appropriate liquid argon level 
for the material test.  The nitrogen pressure control loop set point should be 5 psig.  MV-
360-V, MV-244-Ar, MV-370-Ar, MV-241-Ar, MV-247-Ar, MV-248-Ar, MV-253-Ar, MV-254-
V, MV-345-Ar, MV-329-Ar, MV-327-Ar, and MV-255-Ar should all be closed under normal 
operating conditions.  Automatic vent control of EP-205-Ar should be enabled at a set 
point of 10 psig or greater.  
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2. The surface area of the material test sample must be measured.  The surface area must 

be less than 162.5 square inches.  Two people must measure the surface area 
independently.  Their calculations and signatures must be entered into the material lock 
log book.  Their signature indicates that they understand how to measure surface area 
and that they are responsible for the safety of the system during the insertion of the test 
sample.  The sample also must not be in a shape that will retain liquid argon when 
the sample is withdrawn from the system. 

 
3. Place sample into air lock basket and install 8 inch conflat flange to close the air lock. 

 
4. The air lock must be purged with argon gas to remove the oxygen and water 

contamination.  MV-253-Ar, MV-296-Ar, MV-295-V, MV-300-Ar, and MV-310-Ar should 
be closed.  MV-316-Ar, MV-277-Ar, MV-252-Ar, MV-290-Ar, MV-256-AR, MV-291-Ar, 
MV-294-Ar should be open.   

 
5. FI-315-Ar should be adjusted to 8 SCFH.   

 
6. MV-310-Ar should be opened and MV-300-Ar adjusted until FI-312-Ar indicates 2 SCFH. 

 
7. Purge should continue until AE-311-Ar indicates an oxygen concentration below 10 ppm.   

 
8. When purge has achieved desired oxygen level, close MV-252-Ar. 

 
9. Open MV-253-Ar.  Allow the cryostat boil off to purge the airlock until AE-311-Ar indicates 

an oxygen level below 1 ppm.  Because of the change of the purge gas source, MV-300-
Ar may have to be re-adjusted for FI-312-Ar to again indicate 2 SCFH. 

 
10. Close MV-253-Ar, MV-290-Ar, and MV-310-Ar. 

 
11. Open the large vacuum gate valve MV-245-V. 

 
12. Using the rack mounted stepper motor controller, lower the basket onto the elevator 

below the gate valve.   
 

13. Release the material test basket from its catch mechanism by cycling EV-258-Air.   
 

14. Entered desired material depth for cryostat insertion into the stepper motor rack mounted 
controller.  The controller will then slowly lower the elevator and material into cryostat.  
Excess vapor generated by the warm material reaching liquid will continuously vent thru 
MV-256-AR or PSV-313-Ar.   

 
15. Once desired depth is reached, the controller will stop.  

 
16. Use the rack mounted stepper motor controller to raise the basket catch/release 

mechanism above the gate valve.   
 

17. Once the material basket catch/release mechanism has retreated above the vacuum gate 
valve as indicated by the controller and verified visually thru the window, close MV-254-V. 

 
2.1d – Procedure for Operating “Air Lock” during material removal 
 
All operators must meet the training requirements specified in section 2.3. 
 
All steps of this procedure should be preformed while wearing eye protection.  Cryogenic 
gloves and a face shield must be available in the immediate work area in case a leak must 
be addressed or a cold component handled. 
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1. Cryostat should be in a stable operating condition with the appropriate liquid argon level 
for the material test.  The nitrogen pressure control loop set point should be 5 psig.  MV-
360-V, MV-244-Ar, MV-370-Ar, MV-241-Ar, MV-247-Ar, MV-248-Ar, MV-253-Ar, MV-254-
V, MV-345-Ar, MV-329-Ar, MV-327-Ar, and MV-255-Ar should all be closed under normal 
operating conditions.  Automatic vent control of EP-205-Ar should be enabled at a set 
point of 10 psig or greater.  

 
2. The air lock must be purged with argon gas to remove the oxygen and water 

contamination.  MV-253-Ar, MV-296-Ar, MV-295-V, MV-300-Ar, and MV-310-Ar should 
be closed.  MV-316-Ar, MV-277-Ar, MV-252-Ar, MV-290-Ar, MV-256-AR, MV-291-Ar, 
MV-294-Ar should be open.   

 
3. FI-315-Ar should be adjusted to 8 SCFH.   

 
4. MV-310-Ar should be opened and MV-300-Ar adjusted until FI-312-Ar indicates 2 SCFH. 

 
5. Purge should continue until AE-311-Ar indicates an oxygen concentration below 10 ppm.   

 
6. When purge has achieved desired oxygen level, close MV-252-Ar. 

 
7. Open MV-253-Ar.  Allow the cryostat boil off to purge the airlock until AE-311-Ar indicates 

an oxygen level below 1 ppm.  Because of the change of the purge gas source, MV-300-
Ar may have to be re-adjusted for FI-312-Ar to again indicate 2 SCFH. 

 
8. Close MV-253-Ar, MV-290-Ar, and MV-310-Ar. 

 
9. Open MV-254-V. 

 
10. Using the rack mounted stepper motor controller raise the elevator to its highest position. 

 
11. Lower the basket catch/release mechanism until it reaches the top of the basket. 

 
12. By cycling EV-258-Air, attach the catch/release mechanism to the basket. 

 
13. Using the rack mounted stepper motor controller, raise the basket into the air lock. 

 
14. Visually verify that the basket is in the material lock and then close MV-254-V. 

 
15. Verify that MV-290-Ar is closed.  Verify that MV-256-Ar and MV-294-Ar are open.  Open 

Mv-296-Ar to vent any pressure inside the material lock.  Verify that the pressure is 0 psig 
on PI-326-Ar.  The eight inch conflat flange may now be removed to access and remove 
material in test basket.  Use cryogenic gloves to remove material that is still cold.     

 
2.1e – Procedure for filling the LN2 dewar 
 
All operators must meet the training requirements specified in section 2.3. 
 
All steps of this procedure should be preformed while wearing a face shield and cryogenic 
gloves.  
 

1. Remove the inlet cover on the fill connection and connect the tanker transfer hose.  Do 
not hammer the fill connection tight.  Use the supplied wrench to tighten the fill 
connection.  

 
2. Open the blow-down valve, MV-93-N, to maintain the dewar pressure at 30 psig.   
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3. Open the bottom fill valve MV-92-N. 
 

4. Open the full trycock valve, MV-94-N. 
 

5. Open the liquid discharge valve on the trailer to start filling the dewar. 
 

6. Read the quantity gauge, DPI-100-N, during filling and observe the full trycock valve MV-
94-N. 

 
7. Close the liquid discharge valve on the trailer when the quantity gauge DPI-100-N reads 

50 inches or when liquid discharges from the full trycock valve MV-94-N. 
 

8. Close the bottom fill valve, MV-92-N. 
 

9. Close the dewar blow down valve MV-93-N. 
 

10. Vent the contents of the fill line using MV-91-N.   
 

11. Disconnect the transfer hose. 
 

12. Replace the inlet cover on the fill connection. 
 
2.1f – Normal Nitrogen Circuit Valve Positions During Operation 
 
All operators must meet the training requirements specified in section 2.3. 
 

1. Valves that are closed during normal operation:  MV-91-N, MV-92-N, MV-90-V, MV-94-N, 
MV-91-V, MV-86-N, MV-95-N, MV-107-N, MV-97-N, MV-119-N, MV-101-N, MV-99-N, 
and MV-93-N. 

 
2. Valves that are open during normal operation:  MV-90-N, MV-89-N, MV-88-N, MV-96-N, 

MV-100-N, MV-120-N, MV-87-N, MV-85-N, and MV-80-N. 
 
2.1g – Procedure for Connecting Stockroom Liquid Argon Dewars to the System 
 
All operators must meet the training requirements specified in section 2.3. 
 
All steps of this procedure should be preformed while wearing eye protection.  Cryogenic 
gloves and a face shield must be available in the immediate work area in case a leak must 
be addressed or a cold component handled. 
 

1. Verify that the dewar label indicates the contents are liquid argon.  Connecting a liquid 
nitrogen dewar to the system will cause a violent reaction with any liquid argon in the 
system as the nitrogen will freeze the argon.  Also verify that the dewar contains liquid by 
looking at the liquid level gauge.   

 
2. Using the metallic green and black Valley Craft brand lifting cart, move the liquid argon 

dewar from outside PAB into an open spot by one of the four flexible hoses that extend 
from the liquid argon manifold. 

 
3. Close MV-213-Ar.  The argon manifold must be isolated from the rest of the system 

anytime a dewar is added to the system to prevent contamination.   
 

4. Connect the flexible stainless steel pigtail to the liquid withdrawal port on the dewar.  The 
stainless steel pigtail has a VCR to flare adaptor to mate with the dewar liquid withdrawal 
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port.  A new copper gasket should be used with the flare fitting each time the connection 
is made up.  

 
5. Repeat steps 1-4 to connect up to four dewars to the manifold.   

 
6. Any pigtail not in use should be plugged by removing the VCR to flare adaptor and 

plugging the VCR fitting. 
 

7. Anytime a dewar is connected to the manifold, the connection must be helium leak 
checked.  A helium leak detector should be connected to MV-204-Ar.  MV-204-Ar should 
be opened and the flare fitting at the liquid withdrawal port and the isolation valve 
supplied on the dewar should be sprayed externally with helium gas.  Once the system is 
reasonably leak tight, MV-204-Ar should be closed and the leak detector disconnected. 

 
8. The liquid withdrawal isolation valve supplied on each dewar should be opened to 

pressurize the manifold.  
 
2.1h – Procedure for Removing Stockroom Liquid Argon Dewars from the System 
 
All operators must meet the training requirements specified in section 2.3. 
 
All steps of this procedure should be preformed while wearing eye protection.  Cryogenic 
gloves and a face shield must be available in the immediate work area in case a leak must 
be addressed or a cold component handled. 
 

1. Close MV-213-Ar.  The argon manifold must be isolated from the rest of the system 
anytime a dewar is removed from the system to prevent contamination of the upstream 
filters. 

 
2. Close the liquid withdrawal port isolation valve on each liquid argon dewar connected to 

the system.   
 

3. Slowly open MV-204-Ar to vent any pressure contained in the argon manifold.   
 

4. When the pressure in the manifold has been vented, the flare connection at the liquid 
argon dewar may be disconnected.  If a new dewar is not being attached, the stainless 
steel pigtail should be plugged by removing the VCR to flare adaptor and plugging the 
VCR fitting.   

 
5. MV-204-Ar should be closed after the desired dewars are disconnected. 

 
6. Empty dewars should be removed from the PAB highbay using the metallic green and 

black Valley Craft brand lifting cart and placed outside by the gas shed.  The full/empty 
tag should be flipped so that the empty side faces upward. 

   
 
2.1i – Procedure for Molecular Sieve Regeneration  
 
All operators must meet the training requirements specified in section 2.3. 
 

1. MV-213-Ar, MV-218-Ar, and MV-217-Ar should be closed.   
 

2. The molecular sieve insulating vacuum should be checked on PT-181-V.  If the vacuum 
is worse than 100 microns, a vacuum pump should be connected to CVI-187-V and the 
vacuum improved until its less than 100 microns.  The purpose of this is to ensure the 
inner vessel is not evacuated with pressure in the insulating vacuum space. 
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3. The inner vessel vacuum surrounding the molecular sieve should be checked on PT-180-
V.  If it is not less than 100 microns, the space should be pumped out.  To do this, MV-
224-V, MV-227-V, MV-228-V, EP-222-V, EP-362-V, and EP-155-V should all be closed.  
The rough pump on the insulating vacuum pump cart should be started.  When the 
pressure reported by PE-226-V is less than 100 microns, EP-222-V should be opened.  
Once the pressure reported by PE-226-V is less than 1 Torr, the turbo pump should be 
started.  The inner vessel should be pumped on until PT-180-V reads 10 microns or less.  
Then EP-222-V should be closed.  The turbo pump should then be turned off and allowed 
to spin down.  

 
4. A vacuum pump should be connected to MV-218-Ar with a cold trap between the pump 

and MV-218-Ar.   
 

5. Once the vacuum is below 1 Torr as indicated by a vacuum gauge at the pump, the cold 
trap can be filled.   

 
6. MV-218-Ar should be slowly opened.  Avoid sending a surge of high pressure argon gas 

to the vacuum pump.   
 

7. Once the gauge at the pump reads less than 10 Torr, turn on the heater in iFix.  Set point 
should be 275 oC and duration 8 hours.   Monitoring the vacuum gauge at the pump will 
give some idea of the regeneration progress as water is removed and the pressure 
drops. 

 
8. After regeneration is complete, turn off the heater in iFix. 

 
9. Close MV-218-Ar.  Disconnect the vacuum pump.   

 
2.1j – Procedure for O2 Filter Regeneration 
 
All operators must meet the training requirements specified in section 2.3. 
 

1. MV-217-Ar, MV-239-Ar, MV-244-Ar, MV-365-V, and MV-366-V must be closed. 
 

2. MV-208-Ar, MV-480-HAr, and MV-461-HAr must be open.  MV-202-Ar must also be 
open, although it is inaccessible when the vacuum jacket is closed and should be in the 
open position. 

 
3. The oxygen filter cryostat insulating vacuum should be checked on PT-154-V.  If the 

vacuum is worse than 100 microns, a vacuum pump should be connected to CVI-289-V 
and the vacuum improved until its less than 100 microns.  The purpose of this is to 
ensure the inner vessel is not evacuated with pressure in the insulating vacuum space. 

 
4. The transfer line insulating vacuum should be checked on PT-15-V.  If it is not less than 

100 microns, then it should be pumped down.  To do this, MV-224-V, MV-227-V, MV-
228-V, EP-222-V, EP-155-V, MV-267-V, and EP-362-V should all be closed.  The rough 
pump on the insulating vacuum pump cart should be started.  When a readout connected 
to gauge tube PE-226-V indicates a vacuum less than 100 microns, EP-362-V should be 
opened.  When the pressure reported by PE-226-V is less than 1 Torr, the turbo pump 
should be started.  When the pressure reported by PT-15-V (or PE-234-V) is less than 10 
microns, EP-362-V may be closed and the turbo pump turned off.   

 
5. From the regeneration station, supply a 5 SCFH flow of argon gas.   
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6. In iFix, turn on the oxygen filter regeneration heaters HTR-8-Ar and HTR-55-Ar.  Make 

the set point for both heaters 270 oC. 
 

7. Once the temperatures reported by TE-56-Ar and TE-54-Ar are stable, supply the 5% H2 
– 95% Ar mixture from the regeneration station for 8 hours. 

 
8. Turn off HTR-8-Ar and HTR-55-Ar in iFix. 

 
9. Supply a flow of argon gas from the regeneration station for 15 minutes to purge the 

hydrogen from the system. 
 

10. Close MV-461-HAr first and then close MV-480-HAr to isolate the filter with a positive 
internal pressure. 

 
2.1k – Procedure for Filling “Bo” 
 
All operators must meet the training requirements specified in section 2.3. 
 
All steps of this procedure should be performed while wearing eye protection.  Cryogenic 
gloves and a face shield must be available in the immediate work area in case a leak must 
be addressed or a cold component handled. 
 

1. Start the argon purges.  MV-316-Ar, MV-277-Ar, and the argon bottle isolation valve 
should be open.  PCV-273-Ar outlet should be adjusted to 10 psig as indicated by PI-275-
Ar.  FI-278-Ar, FI-279-Ar, FI-280-Ar, FI-281-Ar, FI-282-Ar, FI-283-Ar, FI-390-Ar, and FI-
284-Ar should be set to 20 sccm. FI-315-Ar should be closed unless the material lock is 
being purged.  All Flowmeters except for FI-315-Ar should flow continuously to prevent 
oxygen from migrating into the bulk of the o-rings.   

 
2. The cryostat must be evacuated.  MV-379-Ar, MV-380-Ar, and MV-381-V must all be 

closed.   
 

3. Although the cryostat is rated for 15 psi external pressure, the insulating vacuum 
pressure should be checked on PT-17-V.  The insulating vacuum should be less than 100 
microns.  If the insulating vacuum has spoiled, a vacuum pump should be connected to 
MV-369-V or CVI-382-V, and the vacuum improved before pumping out the cryostat.  
CVI-382-V does not have a spring, so it must be closed carefully when done pumping. 

 
4. The rough pump on the cryostat pump cart should be started and MV-386-V opened.  

When the vacuum is less than 100 microns as indicated by the pump contoller, MV-381-V 
can be slowly opened to begin pumping out the cryostat.  When PT-374-V indicates the 
cryostat pressure is below 1 Torr, the turbo pump may be started.  The cryostat should 
be pumped on until the pressure reported by PT-382-V is less than 10-5 Torr.  Typically 
the cryostat reaches a pressure in the 5 x 10-6 Torr range after several days of vacuum  
pumping prior to the fill.   

 
5. The oxygen filter cryostat insulating vacuum should be checked on PT-154-V.  If the 

vacuum is worse than 100 microns, a vacuum pump should be connected to CVI-289-V 
and the vacuum improved until it is less than 100 microns.  The purpose of this is to 
ensure the inner vessel is not evacuated with pressure in the insulating vacuum space. 

 
6. The transfer line insulating vacuum should be checked on PT-15-V.  If it is not less than 

100 microns, then it should be pumped down.  To do this, MV-224-V, MV-227-V, MV-
228-V, EP-222-V, EP-155-V, MV-267-V, and EP-362-V should all be closed.  The rough 
pump on the insulating vacuum pump cart should be started.  When a readout connected 
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to gauge tube PE-226-V indicates a vacuum less than 100 microns, EP-362-V should be 
opened.  When the pressure reported by PE-226-V is less than 1 Torr, the turbo pump 
should be started.  When the pressure reported by PT-15-V (or PE-234-V) is less than 10 
microns, EP-362-V may be closed and the turbo pump turned off.   

 
7. The molecular sieve insulating vacuum should be checked on PT-181-V.  If the vacuum 

is worse than 100 microns, a vacuum pump should be connected to CVI-187-V and the 
vacuum improved until its less than 100 microns.  The purpose of this is to ensure the 
inner vessel is not evacuated with pressure in the insulating vacuum space. 

 
8. The inner vessel vacuum surrounding the molecular sieve should be checked on PT-180-

V.  If it is not less than 100 microns, the space should be pumped out.  To do this, MV-
224-V, MV-227-V, MV-228-V, EP-222-V, EP-362-V, and EP-155-V should all be closed.  
The rough pump on the insulating vacuum pump cart should be started.  When the 
pressure reported by PE-226-V is less than 100 microns, EP-222-V should be opened.  
Once the pressure reported by PE-226-V is less than 1 Torr, the turbo pump should be 
started.  The inner vessel should be pumped on until PT-180-V reads 10 microns or less.  
Then EP-222-V should be closed.  The turbo pump should then be turned off and allowed 
to spin down.  

 
9. The piping between MV-213-Ar and MV-379-Ar must be pumped out before introducing 

argon.  MV-213-Ar, MV-218-Ar, EP-222-V, MV-228-V, MV-227-V, MV-224-V, EP-362-V, 
MV-480-HAr, MV-461-HAr, MV-239-Ar, MV-244-Ar, MV-365-V, MV-267-V, and MV-366-V 
should all be closed.  EP-155-V, MV-202-Ar (must be left open during assembly), MV-
208-Ar, and MV-217-Ar should be open.   

 
10. The rough pump on the insulating vacuum pump cart should be started.  When a gauge 

readout connected to PE-226-V indicates a vacuum less than 100 microns, the LN2 cold 
trap should be filled. 

 
11. MV-365-V and MV-366-V should be slowly opened.  When PE-226-V indicates a vacuum 

of less than 1 Torr, the turbo pump should be turned on.  The piping should be pumped 
on for at least 4 hours.  

 
12. Close MV-365-V and MV-366-V.  Turn off the turbo pump.  Allow rough pump to run until 

LN2 trap is warm. 
 

13. The argon filling manifold insulating vacuum should be checked using PE-225-V.  If the 
vacuum is not less than 100 microns, a vacuum pump should be connected to CVI-207-V 
and the insulating space pumped until the vacuum is less than 100 microns.  CVI-207-V 
should then be closed and the vacuum pump disconnected. 

 
14. Empty liquid dewars should be removed using 2.1h – Procedure for Removing 

Stockroom Liquid Argon Dewars from the System. 
 

15. MV-213-Ar and MV-204-Ar should be verified as closed.  Follow procedure 2.1g  - 
Procedure for Connecting Stockroom Liquid Argon Dewars to the System to connect four 
high pressure liquid argon dewars from the Fermilab stockroom to the manifold.  

 
16. MV-381-V should  be closed and the turbo pump on the cryostat pump cart turned off and 

allowed to spin down.   
 

17. MV-204-Ar, MV-218-Ar, MV-480-HAr, MV-461-HAr, MV-365-V, MV-366-V, MV-239-Ar, 
MV-379-Ar, MV-380-Ar, and MV-244-Ar should be verified as closed. 
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18. MV-213-Ar, MV-217-Ar, and MV-208-Ar should be open.  (MV-202-Ar should have been 

left open during assembly). 
 

19. Slowly open the liquid withdrawal isolation valve on one of the stock room dewars and 
charge the system with argon.  Open the liquid withdrawal valve on the rest of the 
connected dewars.   

 
20. Slowly open MV-239-Ar to allow argon to flow out the vent and cool down the transfer 

line.  This should be done at least until TE-56-Ar reaches a stable minimum temperature 
and it appears that liquid is flowing out the vent piping.   

 
21. Close MV-239-Ar. 

 
22. Very slowly open MV-379-Ar and bring the cryostat to positive pressure as indicated by 

PI-375-Ar. 
 

23. Once the cyrostat is at positive pressure and the pressure is slowly rising, fully open MV-
380-Ar.  

 
24. Adjust MV-379-Ar to balance the flow such that the cryostat remains below 10 psig during 

the fill. 
 

25. Liquid level will be indicated by LT-372-Ar.  Fill the cryostat to the desired level, but not 
beyond 32 inches.  

 
26. Close MV-379-Ar.   

 
27. Leave MV-380-Ar open.  This will allow the cryostat boil off to vent and the pressure to 

remain near atmospheric.   
 

28. The high pressure stockroom dewars may remain open and connected to the system for 
future charging if desired. 

 
2.1l – Procedure for Emptying “Bo” 
 
All operators must meet the training requirements specified in section 2.3. 
 
All steps of this procedure should be preformed while wearing eye protection.  Cryogenic 
gloves and a face shield must be available in the immediate work area in case a leak must 
be addressed or a cold component handled. 
 

1. MV-379-Ar, MV-381-V, MV-239-Ar, MV-244-Ar, MV-208-Ar, and MV-380-Ar should be 
closed.  

 
2. Open MV-379-Ar and MV-239-Ar.  Liquid will vent thru the vaporizer.   

 
3. Last bit of liquid at cryostat bottom will slowly evaporate.  HTR-22-Ar can be used to 

speed up this evaporation. 
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2.2a - Startup Check List for Filling the Material Test Station 
 

1. Ensure the liquid nitrogen dewar has at least 15 inches of liquid in it as indicated by DPI-
100-N.  If not, request a fill from Air Products by contacting Don Brown (610-481-1343 or 
BROWNDE@airproducts.com). 

 
2. Check that the LN2 dewar vapor pressure is around 45 psig as indicated by PI-100-N and 

PT-51-N.  If not, adjust RV-036-N or RV-090-N as needed.   
 

3. Check that the Beckhoff PLC and the iFix GUI are operating properly. 
 

4. Check that the argon purge cylinder has at least 500 psig left.  If not, connect a new 
cylinder of argon gas. 

 
5. Ensure that at least 3 full stockroom high pressure argon dewars are available to fill the 

cryostat. 
 

6. Check the availability of shop air on PI-272-Air which should indicate at least 60 psig.   
 

7. Check the log book (http://www-lartpc-crl.fnal.gov/lartpc/Index.jsp) to see if the molecular 
sieve and oxygen filter require regeneration.  If so, regenerate per 2.1i and 2.1j. 

 
2.2b - Startup Check List for Filling the TPC cryostat 
 

1. Check that the Beckhoff PLC and the iFix GUI are operating properly. 
 

2. Check that the argon purge cylinder has at least 500 psig left.  If not, connect a new 
cylinder of argon gas. 

 
3. Ensure that at least 3 full stockroom high pressure argon dewars are available to fill the 

cryostat. 
 

4. Check the availability of shop air on PI-272-Air which should indicate at least 60 psig.   
 

5. Check the log book (http://www-lartpc-crl.fnal.gov/lartpc/Index.jsp) to see if the molecular 
sieve and oxygen filter require regeneration.  If so, regenerate per 2.1i and 2.1j. 
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2.3 - Training List for Operators of the FLARE Material Test Station and the TPC Cryostat 
 
All operators of the FLARE material test station and TPC cryostat must meet the following training requirements. 
 

1. Successful completion of Cryogenic Safety (General) FN000115 / CR.    
 

2. O.D.H Training FN000029 / CR. 
 

3. Successful completion of Pressure Safety Orientation FN000271 / CR. 
 

4. Successful completion of Compressed Gas Cylinder Safety FN000213 / CR. 
 

5. Must review system description, flow schematic, and operating procedures with a designated system expert. 
 
Designated system experts:  Terry Tope, Cary Kendziora. 
 
Table 2.3.1:  Date required training for FLARE material test station has been completed. 

Person ID # 
Cryogenic 

Safety 
(General) 

O.D.H 
Training 

Completed 

O.D.H 
Training 

Due 

Pressure 
Safety 

Orientation 

Compressed 
Gas Cylinder 

Safety 

Review System 
Documents 

Terry Tope 13329N 12/6/2002 2/5/2008 2/28/2009 1/10/2003 1/16/2002 Expert 
Cary Kendziora 4446N 1/23/1984 8/16/2007 Inactive 2/27/2003 3/13/2003 Expert 
Stephen Pordes 4663N --- 3/22/2006 Inactive --- --- --- 

Doug Jensen 9541N --- 10/8/2007 10/31/2008 --- 4/26/2000 --- 
Bill Miner 13161N 3/4/2003 5/21/2007 5/31/2008 1/7/2003 1/16/2002 --- 

Kelly Hardin 12976N 9/5/2002 1/3/2008 1/31/2009 3/11/2003 12/13/2000 --- 
Hans Jostlein 3972N 1/24/2008 11/5/2007 11/30/2008 11/2/2007 --- --- 

Mark Ruschman 5006N 3/4/2003 5/10/2007 5/31/2008 12/2/2002 7/27/2001 --- 
Walter Jaskierny 676N --- 9/5/2006 9/30/2007 9/4/2007 1/16/2002 --- 
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3.1 - FMEA
Type Tag Tag Service Failure or Error Mode Hazard or Effect Hazard Class Remarks

Analyzing elements

AE 52 HAr Filter regeneration moisture monitoring (close to exhaust) Incorrect reading O2 filter regeneration may be incomplete Safe Operational problem

AE 151 HAr Filter regeneration moisture monitoring (close to filter) Incorrect reading O2 filter regeneration may be incomplete Safe Operational problem

AE 311 Ar Oxygen Analyzer Incorrect reading Air lock purge may be incomplete Safe Operational problem

AE 312 Ar Oxygen Analyzer Not in service  ----  ----  ----

AE 322 Ar Nitrogen Arc Cell Not in service  ----  ----  ----

Check valves

CV 90 N LN2 dewar fill line check valve Fails open LN2 from dewar could spill into parking lot Safe Operational problem if MV-92-N is left open

CV 90 N LN2 dewar fill line check valve Fails closed LN2 dewar cannot be filled Marginal

Potential trapped volume if PCV-70-N closes.  Low probability of a check 
valve failing shut.  Pressure in a trapped volume will increase the 
probability that a stuck check valve would open.  PCV-70-N will only close 
when the dewar vapor pressure reaches MAWP which also has a low 
probability.  Thus the creation of an unrelieved trapped volume is the 
product of two low probability events. 

CV 150 Ar LAr vent line Fails open Wind effects felt on exhaust Safe No hazard

CV 150 Ar LAr vent line Fails closed Potential trapped volume Marginal Low probability of a check valve failing shut.  Pressure in a trapped 
volume would increase the probability a stuck check valve would open.

CV 100 N LN2 dewar liquid use line Fails open Potential for back flow into dewar Safe No likely source for flowing back into dewar

CV 100 N LN2 dewar liquid use line Fails closed Potential trapped volume Marginal
Operational problem.  Fermilab designed and fabricated check valve has 
a small diameter hole thru the center of the teflon plug that would relieve a 
trapped volume.  

CV 257 Ar "Air lock" vent line backflow prevention Fails open Potential contamination Safe Operational problem, under vacuum contaminants could be pulled into air 
lock

CV 257 Ar "Air lock" vent line backflow prevention Fails closed Purging not possible Safe Operational problem, materials lock cannot be purged with Gar

CV 266 N2 Insulating vacuum bleed up check valve Fails open No hazard Safe  ----

CV 266 N2 Insulating vacuum bleed up check valve Fails closed GN2 source blocked Safe Operational problem, no GN2 to bleed up insulating vacuum with

CV 309 HAr O2 filter regeneration check valve Fails open FI-406-HAr could be over pressurized Marginal 400 psig GAr could back flow and damage the flowmeter if MV-9-HAr or 
either MV-10-HAr or MV-12-HAr are closed

CV 309 HAr O2 filter regeneration check valve Fails closed Regeneration gas flow blocked Safe Operational problem, can't regenerate O2 filter

CV 415 HAr Regeneration gas vent line back flow prevention Fails open Regeneration vent line can't be evacuated Safe Operational problem, possible contamination

CV 415 HAr Regeneration gas vent line back flow prevention Fails closed Regeneration gas flow blocked, PE-416-HAr over 
pressurized Marginal Operational problem, can't regenerate O2 filter and vacuum transmitter 

could be damaged by several atmospheres of pressure

Pump out ports

CVI 138 V Luke vacuum pumpout/relief Fails open Insulating vacuum spoiled Safe Operational problem, PSV-210-Ar can handle excess boil off

CVI 138 V Luke vacuum pumpout/relief Fails closed No relief for insulating vacuum Marginal

If the ASME coded inner vessel fails, vacuum space is not relieved.  Relief 
is a CVI vacuum pump out with the spring removed.  The space that holds 
the spring retaining clip in place has been epoxied shut so a spring cannot 
be put back into the pumpout.  There is a very low probability of this 
pumpout failing shut because without the spring it works like a parallel 
plate relief.

CVI 187 V Molecular sieve pbar dewar insulating vacuum pumpout/relief Fails open Insulating vacuum spoiled Safe Operational problem, poor insulation
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CVI 187 V Molecular sieve pbar dewar insulating vacuum pumpout/relief Fails closed Insulating vacuum isolated Marginal

Operational problem, can't improve vacuum, no insulating vacuum relief if 
inner vessel fails.  For liquid to reach the insulating vacuum space, both 
the LAr piping and the ASME inner vessel must fail which is extremely 
unlikely.  CVI pumpout works like a relief valve in that the sealing surface 
is held shut by a spring.  If pressure was built in the vacuum jacket, its a 
low probability that the CVI would stay shut.  

CVI 207 V Liquid argon source manifold insulating vacuum pumpout and relief Fails open Insulating vacuum spoiled Safe Operational problem, poor insulation, likely frost buildup

CVI 207 V Liquid argon source manifold insulating vacuum pumpout and relief Fails closed Insulating vacuum isolated Marginal

Operational problem, can't improve vacuum, no insulating vacuum relief if 
inner pipe fails.  Low probability of CVI sticking shut as pressure builds 
because the pumpout works like a spring loaded relief valve.  Vacuum 
jacket is 1.5" stainless steel tube that can withstand a substantial internal 
pressure.

CVI 220 V Pbar molecular sieve dewar inner vessel pumpout/relief Fails open Insulating vacuum spoiled Safe Operational problem, poor insulation, likely frost buildup

CVI 220 V Pbar molecular sieve dewar inner vessel pumpout/relief Fails closed Insulating vacuum isolated Safe
Operational problem, can't improve vacuum, no insulating vacuum relief if 
inner pipe fails (PSV-211-Ar and RD-209-Ar also protect space protected 
by CVI-220-V)

CVI 259 V Luke LN2-LAr condenser insulating vacuum pumpout/relief Fails open Insulating vacuum spoiled Safe Operational problem, condenser performance degrades

CVI 259 V Luke LN2-LAr condenser insulating vacuum pumpout/relief Fails closed Insulating vacuum isolated Marginal

Operational problem, can't improve insulating vacuum, no insulating 
vacuum relief if inner pipe fails.  There is a low probability of the high 
quality stainless steel inner piping failing.  There is also a low probability 
of the CVI pumpout failing shut as pressure builds because it works like a 
spring loaded relief valve. 

CVI 260 V LN2 transfer line vacuum pumpout/relief near Luke Fails open Insulating vacuum spoiled Safe Operational problem, poor insulation, likely frost buildup

CVI 260 V LN2 transfer line vacuum pumpout/relief near Luke Fails closed Insulating vacuum isolated Safe Operational problem, can access same vacuum volume using CVI-286-V

CVI 285 V LN2 transfer line vacuum pumpout/relief dewar side Fails open Insulating vacuum spoiled Safe Operational problem, poor insulation, likely frost buildup

CVI 285 V LN2 transfer line vacuum pumpout/relief dewar side Fails closed Insulating vacuum isolated Marginal

Operational problem, can't improve vacuum, no insulating vacuum relief if 
inner pipe fails.  There is a low probability of the high quality stainless 
steel inner piping failing.  There is also a low probability of the CVI 
pumpout failing shut as pressure builds because it works like a spring 
loaded relief valve.  The vacuum jacket is 1.5" SCH 10 SS which can 
withstand a substantial internal pressure.

CVI 286 V LN2 transfer line vacuum pumpout/PAB side Fails open Insulating vacuum spoiled Safe Operational problem, poor insulation, likely frost buildup

CVI 286 V LN2 transfer line vacuum pumpout/PAB side Fails closed Insulating vacuum isolated Safe Operational problem, can access same vacuum volume using CVI-260-V

CVI 289 V O2 filter pbar dewar insulating vacuum pumpout/relief Fails open Insulating vacuum spoiled Marginal Pressure in insulating vacuum space could crumple inner vessel

CVI 289 V O2 filter pbar dewar insulating vacuum pumpout/relief Fails closed Insulating vacuum isolated Marginal
No insulating vacuum relief.  It would require a double failure to pressurize 
the insulating vacuum.  Both the piping inside the inner vessel and the 
inner vessel itself would have to fail.

CVI 382 V Bo insulating vacuum and relief Fails open Insulating vacuum spoiled Safe Operational problem, PSV-377-Ar can handle excess boil off

CVI 382 V Bo insulating vacuum and relief Fails closed No relief for insulating vacuum Marginal

If the ASME coded inner vessel fails, vacuum space is not relieved.  Relief 
is a CVI vacuum pump out with the spring removed.  The space that holds 
the spring retaining clip in place has been epoxied shut so a spring cannot 
be put back into the pumpout.  There is a very low probability of this 
pumpout failing shut because without the spring it works like a parallel 
plate relief.

Differential pressure transmitters
DPT 67 Ar Luke Vapor Pump filter liquid level Incorrect reading Possible poor pump performance Safe Operational problem

DPT 100 N Liquid Nitrogen Dewar Incorrect reading Dewar liquid level unknown Safe Operational problem

Pneumatic valves
EP 78 Ar Luke vapor pump equalization valve Fails open Liquid cannot be forced from filter Safe Operational problem - poor filtration

EP 78 Ar Luke vapor pump equalization valve Fails closed Liquid won't flow into filter Safe Operational problem - poor filtration
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EP 155 V Oxygen filter vacuum isolation Fails open Insulating vacuum spoiled Safe Operational problem - high thermal load during filtration or regeneration

EP 155 V Oxygen filter vacuum isolation Fails closed Insulating vacuum isolated Safe Operational problem - can't improve vacuum

EP 205 Ar Luke Ar vent Fails open Cryostat cannot build pressure Safe Operational problem - Gar will be vented and system will no longer be 
closed

EP 205 Ar Luke Ar vent Fails closed Excess pressure not vented Safe Operational problem - Gar will be vented thru PSV-210-Ar if needed

EP 222 V Molecular sieve insulating vacuum isolation Fails open Insulating vacuum spoiled Safe Operational problem - high thermal load during filtration or regeneration

EP 222 V Molecular sieve insulating vacuum isolation Fails closed Insulating vacuum isolated Safe Operational problem - can't improve vacuum

EP 236 V Cryostat pump cart inter-stage isolation (turbo protection) Fails open Turbo not protected Safe Operational problem - turbo vacuum pump could be damaged

EP 236 V Cryostat pump cart inter-stage isolation (turbo protection) Fails closed Turbo isolated from rougher Safe Operational problem - cryostat cannot be effectively evacuated

EP 308 Ar Luke vapor pump liquid inlet Fails open Filter cannot be regenerated Safe Operational problem - poor filtration

EP 308 Ar Luke vapor pump liquid inlet Fails closed LAr cannot enter filter Safe Operational problem - poor filtration

EP 362 V LAr transfer line insulating vacuum isolation Fails open Insulating vacuum spoiled Safe Operational problem - high thermal load during LAr transfer

EP 362 V LAr transfer line insulating vacuum isolation Fails closed Insulating vacuum isolated Safe Operational problem - can't improve vacuum

EP 383 V Bo vacuum pump cart turbo protection valve Fails open Turbo not protected Safe Operational problem - turbo vacuum pump could be damaged

EP 383 V Bo vacuum pump cart turbo protection valve Fails closed Turbo isolated from rougher Safe Operational problem - cryostat cannot be effectively evacuated

Electric valves
EV 79 Air EP-78-Ar actuation Fails open Filter can't be isolated from cryostat Safe Operational problem - filter regeneration not possible

EV 79 Air EP-78-Ar actuation Fails closed Liquid can't be forced from insulating space Safe Operational problem - poor filtration

EV 105 N2 LN2 transfer line into Luke condenser Fails open GAr will not be condensed Safe Operational problem - GAr will vent thru EP-205-Ar or PSV-210-Ar

EV 105 N2 LN2 transfer line into Luke condenser Fails closed Luke will not maintain positive pressure Safe Operational problem - LN2 will vent thru vaporizer

EV 106 N2 LN2 transfer line vent Fails open Transfer line cannot pre-cool Safe Operational problem - condenser performance could degrade

EV 106 N2 LN2 transfer line vent Fails closed LN2 will be wasted Safe Operational problem - LN2 will vent thru vaporizer

EV 223 Air EP-222-V actuation Fails open Insulating vacuum spoiled Safe Operational problem - high thermal load during filtration or regeneration

EV 223 Air EP-222-V actuation Fails closed Insulating vacuum isolated Safe Operational problem - can't improve vacuum

EV 232 V EP-155-V actuation Fails open Insulating vacuum spoiled Safe Operational problem - high thermal load during filtration or regeneration

EV 232 V EP-155-V actuation Fails closed Insulating vacuum isolated Safe Operational problem - can't improve vacuum

EV 233 Air EP-362-V actuation Fails open Insulating vacuum spoiled Safe Operational problem - high thermal load during LAr transfer

EV 233 Air EP-362-V actuation Fails closed Insulating vacuum isolated Safe Operational problem - can't improve vacuum

EV 258 Air Material basket catch/release mechanism actuation Fails open Material basket cannot be released Safe Operational problem - poor filtration

EV 258 Air Material basket catch/release mechanism actuation Fails closed Material basket cannot be released Safe Operational problem - poor filtration

EV 270 N2 EP-205-Ar actuation Fails open Cryostat cannot build pressure Safe Operational problem - Gar will be vented and system will no longer be 
closed

EV 270 N2 EP-205-Ar actuation Fails closed Excess pressure not vented Safe Operational problem - Gar will be vented thru PSV-210-Ar if needed

EV 287 V EP-236V actuation Fails open Turbo isolated from rougher Safe Operational problem - cryostat cannot be effectively evacuated

EV 287 V EP-236V actuation Fails closed Turbo not protected Safe Operational problem - turbo vacuum pump could be damaged

EV 384 V EP-383-V actuation Fails open Turbo not protected Safe Operational problem - turbo vacuum pump could be damaged

EV 384 V EP-383-V actuation Fails closed Turbo isolated from rougher Safe Operational problem - cryostat cannot be effectively evacuated

Filters

F 395 Ar Removal of O2, H2O, and HCs from Luke contamination gas Plugs Can't introduce contamination gas Safe Operational problem - cannot perform contamination gas injection studies
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F 395 Ar Removal of O2, H2O, and HCs from Luke contamination gas Does not filter Contaminants not removed from test gas Safe Operational problem - contamination test could be invalidated by O2 or 
H2O contamination

Flowmeters
FI 278 Ar Luke vapor pump trapped volume relief (PSV-156-Ar) Manual valve fails closed No GAr purge flow Safe Operational problem - possible oxygen diffusion into clean LAr spaces

FI 278 Ar Luke vapor pump trapped volume relief (PSV-156-Ar) Incorrect reading Too little or too much purge flow Safe Operational problem - possible oxygen diffusion into clean LAr spaces

FI 279 Ar Luke vapor pump electronic purge Manual valve fails closed No GAr purge flow Safe Operational problem - possible oxygen diffusion into clean LAr spaces

FI 279 Ar Luke vapor pump electronic purge Incorrect reading Too little or too much purge flow Safe Operational problem - possible oxygen diffusion into clean LAr spaces

FI 280 Ar Luke ASME relief purge (PSV-210-Ar) Manual valve fails closed No GAr purge flow Safe Operational problem - possible oxygen diffusion into clean LAr spaces

FI 280 Ar Luke ASME relief purge (PSV-210-Ar) Incorrect reading Too little or too much purge flow Safe Operational problem - possible oxygen diffusion into clean LAr spaces

FI 281 Ar Molecular sieve trapped volume relief purge (PSV-219-Ar) Manual valve fails closed No GAr purge flow Safe Operational problem - possible oxygen diffusion into clean LAr spaces

FI 281 Ar Molecular sieve trapped volume relief purge (PSV-219-Ar) Incorrect reading Too little or too much purge flow Safe Operational problem - possible oxygen diffusion into clean LAr spaces

FI 282 Ar O2 filter inlet side trapped volume relief (PSV-249-Ar) Manual valve fails closed No GAr purge flow Safe Operational problem - possible oxygen diffusion into clean LAr spaces

FI 282 Ar O2 filter inlet side trapped volume relief (PSV-249-Ar) Incorrect reading Too little or too much purge flow Safe Operational problem - possible oxygen diffusion into clean LAr spaces

FI 283 Ar O2 filter outlet side trapped volume relief (PSV-250-Ar) Manual valve fails closed No GAr purge flow Safe Operational problem - possible oxygen diffusion into clean LAr spaces

FI 283 Ar O2 filter outlet side trapped volume relief (PSV-250-Ar) Incorrect reading Too little or too much purge flow Safe Operational problem - possible oxygen diffusion into clean LAr spaces

FI 284 Ar Material lock release mechanism argon purge Manual valve fails closed No GAr purge flow Safe Operational problem - possible oxygen diffusion into clean LAr spaces

FI 284 Ar Material lock release mechanism argon purge Incorrect reading Too little or too much purge flow Safe Operational problem - possible oxygen diffusion into clean LAr spaces

FI 312 Ar Oxygen analyzer flow indicator Incorrect reading Too little or too much purge flow Safe Operational problem - oxygen analyzer may report incorrect concentration

FI 315 Ar Air lock argon purge Manual valve fails closed No GAr purge flow to air lock Safe Operational problem - can't remove contamination from air lock

FI 315 Ar Air lock argon purge Incorrect reading Too little or too much purge flow Safe Operational problem - purge may be slower than expected

FI 390 Ar Bo ASME relief purge (PSV-378-Ar) Manual valve fails closed No GAr purge flow Safe Operational problem - possible oxygen diffusion into clean LAr spaces

FI 390 Ar Bo ASME relief purge (PSV-378-Ar) Incorrect reading Too little or too much purge flow Safe Operational problem - possible oxygen diffusion into clean LAr spaces

FI 391 Ar Spare Not in service  ----  ----  ----

FI 392 Ar Spare Not in service  ----  ----  ----

FI 406 HAr Oxygen filter regeneration gas flow rate (metering valve limits to 5 SCFH) Manual valve fails closed No HAr regeneration gas flow Safe Operational problem - oxygen filter regeneration not possible

FI 406 HAr Oxygen filter regeneration gas flow rate (metering valve limits to 5 SCFH) Incorrect reading Too little or too much gas flow Safe Operational problem - possible incomplete oxygen filter regeneration

Flow restricting orifices
FO 212 Ar Liquid argon source manifold argon flow restriction It is not reasonable for a 0.122 in.  dia orifice to plug completely  ----  ----

Heating elements
OFF Oxygen filter cannot be regenerated Safe Operational problem - poor filtration

HTR 8 HAr Oxygen filter regeneration heater ON Oxygen filter overheats Safe Hardwired thermocouple interlock cuts heater power

ON LAr vaporized Safe PSV-249-Ar has enough capacity for LAr vaporization rate

OFF Can't build vapor pressure Safe Operational problem

HTR 21 Ar Vapor pressure building heater ON Excess vapor pressure Safe PSV-210-Ar has enough capacity for LAr vaporization rate

ON Overheating Safe Hardwired thermocouple interlock cuts heater power

OFF Can't build vapor pressure Safe Operational problem

HTR 22 Ar Vapor pressure building heater ON Excess vapor pressure Safe PSV-377-Ar has enough capacity for LAr vaporization rate

ON Overheating Safe Hardwired thermocouple interlock cuts heater power

OFF No oxygen filter gas preheat Safe Operational problem - poor filter regeneration

HTR 55 HAr Oxygen filter gas pre-heater ON Oxygen filter overheats Safe Hardwired thermocouple interlock cuts heater power

ON LAr vaporized Safe PSV-249-Ar has enough capacity for LAr vaporization rate
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OFF Oxygen filter cannot be regenerated Safe Operational problem - poor filtration

HTR 72 HAr Luke vapor pump filter regeneration heater ON Oxygen filter overheats Safe Hardwired thermocouple interlock cuts heater power

ON LAr vaporized Safe Both PSV-156-Ar and PSV-210-Ar each have enough capacity for LAr 
vaporization rate

OFF LAr not pushed out of filter Safe Operational problem - poor filtration

HTR 75 Ar Luke vapor pump cup heater ON Vapor generation cup overheats Safe Hardwired thermocouple interlock cuts heater power

ON LAr vaporized Safe Both PSV-156-Ar and PSV-210-Ar each have enough capacity for LAr 
vaporization rate

OFF Molecular sieve cannot be regenerated Safe Operational problem - poor filtration

HTR 215 Ar Molecular sieve regeneration heater ON Molecular sieve overheats Safe Hardwired thermocouple interlock cuts heater power

ON LAr vaporized Safe PSV-219-Ar has enough capacity for LAr vaporization rate

Output to DAQ
INTL 325 Ar 24 VDC output to purity monitor for liquid level interlock OPEN (0 VDC) Can't operate purity monitor Safe Operational problem - liquid argon purity cannot be measured

INTL 325 Ar 24 VDC output to purity monitor for liquid level interlock CLOSED (24 VDC) Purity monitor HV arcing Safe Purity monitor could arc and damage itself if liquid level is too low - no 
personnel damage due to current limits and a well grounded cryostat.

Liquid level transmitters

LT 10 N2 Luke condenser LN2 level Incorrect reading GAr condenser control difficult Safe Operational problem - poor GAr vapor space pressure control

LT 13 Ar Luke cryostat LAr level Incorrect reading Unknown quantity of LAr in cryostat Safe PSV-210-Ar can handle over filling of cryostat

LT 372 Ar Bo cryostat LAr level Incorrect reading Unknown quantity of LAr in cryostat Safe PSV-377-Ar can handle over filling of cryostat

Manual valves

MV 80 N LN2 dewar pressure gauge isolation Fails open Can't isolate PI-100-N Safe Operational problem - dewar must be blown down to fix instrumentation

MV 80 N LN2 dewar pressure gauge isolation Fails closed PI-100-N is isolated Safe Operational problem - dewar vapor pressure not indicated, consult PT-51-
N

MV 85 N LN2 dewar vapor line pressure sensing isolation Fails open Can't isolate DPI-100-N Safe Operational problem - dewar must be blown down to fix instrumentation

MV 85 N LN2 dewar vapor line pressure sensing isolation Fails closed DPI-100-N reads incorrectly Safe Operational problem - dewar liquid level not indicated properly

MV 86 N LN2 dewar level gauge equalization Fails open Can't service gauge Safe Gauge could be damaged if equalization valve can't be closed and re-
opened

MV 86 N LN2 dewar level gauge equalization Fails closed DPI-100-N could be damaged Safe Operational problem - dewar liquid level gauge could be damaged

MV 87 N LN2 dewar liquid line pressure sensing isolation Fails open Can't isolate DPI-100-N Safe Operational problem - dewar must be emptied to fix instrumentation

MV 87 N LN2 dewar liquid line pressure sensing isolation Fails closed DPI-100-N reads incorrectly Safe Operational problem - dewar liquid level not indicated properly

MV 88 N LN2 dewar pressure building regulator isolation Fails open Can't isolate pressure building regulator Safe MV-96-N, MV-95-N, and MV-89-N can still isolate pressure building loop

MV 88 N LN2 dewar pressure building regulator isolation Fails closed Can't operate pressure building loop Safe Operational problem - dewar might not maintain adequate vapor pressure

MV 89 N LN2 dewar pressure building loop isolation Fails open Can't isolate pressure building regulator Safe MV-96-N, MV-95-N, and MV-88-N can still isolate pressure building loop

MV 89 N LN2 dewar pressure building loop isolation Fails closed Can't operate pressure building loop Safe Operational problem - dewar might not maintain adequate vapor pressure

MV 90 V LN2 dewar vacuum pump out Fails open Insulating vacuum spoils Safe Operational problem - SV-100-N or SV-99-N can handle boil-off

MV 90 V LN2 dewar vacuum pump out Fails closed Insulating vacuum can't be pumped on Safe Operational problem - dewar vacuum cannot be improved

MV 90 N LN2 dewar pressure relieving regulator isolation Fails open RV-90-N can't be isolated Safe Operational problem - dewar must be blown down to service regulator

MV 90 N LN2 dewar pressure relieving regulator isolation Fails closed RV-90-N can't vent excess pressure Safe SV-100-N or SV-99-N will safely vent excess vapor

MV 91 V LN2 dewar vacuum readout isolation Fails open If PE-91-V leaks, insulating vacuum will spoil Safe Operational problem - SV-100-N or SV-99-N can handle boil-off
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MV 91 V LN2 dewar vacuum readout isolation Fails closed Inaccurate reading from PE-91-V Safe Operational problem - SV-100-N or SV-99-N can handle boil-off

MV 91 N LN2 dewar fill line drain valve Fails open Large LN2 leak during fill Safe Operational problem - driver will not be able to fill LN2 dewar

MV 91 N LN2 dewar fill line drain valve Fails closed Can't drain fill line Safe Excess pressure will vent thru SV-90-N

MV 92 N LN2 dewar fill line isolation Fails open LN2 dewar drains into parking lot Safe Operational problem - dewar cannot be filled

MV 92 N LN2 dewar fill line isolation Fails closed LN2 dewar cannot be filled Safe Operational problem - upstream components can handle tanker pump 
dead head pressure

MV 93 N LN2 dewar vapor vent Fails open LN2 dewar blows down Safe Operational problem - no vapor pressure to transfer liquid

MV 93 N LN2 dewar vapor vent Fails closed LN2 dewar can't be easily blown down Safe Operational problem - dewar will be hard to fill without blow down valve

MV 94 N LN2 dewar full trycock Fails open LN2 dewar blows down Safe Operational problem - no vapor pressure to transfer liquid

MV 94 N LN2 dewar full trycock Fails closed Difficult for tanker driver to determine when full Safe Operational problem - Driver can use DPI-100-N

MV 95 N LN2 dewar pressure building loop bypass Fails open Excess vapor generation Safe SV-100-N or SV-99-N will safely vent excess vapor, closing MV-89-N 
stops vapor generation 

MV 95 N LN2 dewar pressure building loop bypass Fails closed No bypass for pressure building loop Safe Operational problem 

MV 96 N LN2 dewar pressure building regulator isolation Fails open Can't isolate pressure building regulator Safe Operational problem - closing MV-88-N or MV-89-N stops vapor 
generation

MV 96 N LN2 dewar pressure building regulator isolation Fails closed Can't build vapor pressure Safe Operational problem - no vapor pressure to transfer liquid

MV 97 N LN2 dewar liquid withdrawal Fails open LN2 dewar drains into parking lot Safe Operational problem 

MV 97 N LN2 dewar liquid withdrawal Fails closed Can't fill small hand dewars Safe Operational problem 

MV 98 N LN2 dewar relief valve selector Fails open Valve cannot fail open Safe Valve is open to either one side or the other of the relief "tree" such that it 
is always open

MV 98 N LN2 dewar relief valve selector Fails closed One set of relief devices isolated Safe Operational problem - if valve sticks, can't switch between relief devices

MV 99 N LN2 dewar vapor vent valve Fails open LN2 dewar blows down Safe Operational problem - no vapor pressure to transfer liquid

MV 99 N LN2 dewar vapor vent valve Fails closed Can't vent pressure to service relief valve Safe Operational problem 

MV 100 N LN2 dewar liquid into PAB isolation Fails open Can't isolate PAB from LN2 dewar Safe MV-119-N and MV-120-N provide downstream isolation

MV 100 N LN2 dewar liquid into PAB isolation Fails closed No LN2 flow into PAB Safe Operational problem 

MV 101 N LN2 dewar vapor vent valve Fails open LN2 dewar blows down Safe Operational problem - no vapor pressure to transfer liquid

MV 101 N LN2 dewar vapor vent valve Fails closed Can't vent pressure to service relief valve Safe Operational problem 

MV 107 N LN2 dewar isolation for future gas use Fails open LN2 dewar drains into parking lot Safe Operational problem 

MV 107 N LN2 dewar isolation for future gas use Fails closed Normal position for current setup Safe Operational problem only if gas use is desired

MV 119 N LN2 liquid transfer line branch isolation Fails open Can't isolate future LN2 branch Safe PSV-117-N2 @ 100 psig plugs LN2 branch supplied at a max of 75 psig

MV 119 N LN2 liquid transfer line branch isolation Fails closed Normal position for current setup Safe Operational problem only if future LN2 expansion is required

MV 120 N LN2 liquid transfer line Luke/Bo branch isolation Fails open Can't isolate LN2 supply to GAr condensers Safe EV-105-N2 and EV-106-N isolate LN2 flow downstream of MV-120-N

MV 120 N LN2 liquid transfer line Luke/Bo branch isolation Fails closed No LN2 for GAr condensers Safe EP-205-Ar and PSV-210-Ar will vent cryostat boil-off

MV 124 Ar Ar with O2 contamination source bottle regulator outlet isolation Fails open Can't isolate bottle regulator Safe Operational problem - can't isolate bottle regulator from vacuum pump

MV 124 Ar Ar with O2 contamination source bottle regulator outlet isolation Fails closed No O2/Ar gas flow Safe Operational problem - can't perform contamination test

MV 127 Ar Ar with O2 contamination source line regulator outlet isolation Fails open Can't isolate line regulator Safe Operational problem - can't isolate line regulator from vacuum pump

MV 127 Ar Ar with O2 contamination source line regulator outlet isolation Fails closed No O2/Ar gas flow Safe Operational problem - can't perform contamination test

MV 128 Ar Gas contamination introduction isolation Fails open No issue Safe MV-246-Ar provides a redundant function

MV 128 Ar Gas contamination introduction isolation Fails closed No contamination gas flow Safe Operational problem - can't perform contamination test

MV 131 N2 N2 contamination source regulator outlet isolation Fails open Can't isolate bottle regulator Safe Operational problem - can't isolate bottle regulator from vacuum pump

MV 131 N2 N2 contamination source regulator outlet isolation Fails closed No N2/Ar gas flow Safe Operational problem - can't perform contamination test
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MV 132 N2 Contamination manifold vacuum isolation Fails open Can't isolate vacuum pump Safe Operational problem - contamination gas will be vented thru vacuum 
pump

MV 132 N2 Contamination manifold vacuum isolation Fails closed Can't evacuate gas lines Safe Operational problem - gas lines must be evacuated for purity reasons

MV 202 Ar Filter assembly inlet isolation Fails open Can't isolate filter Safe Operational problem - Only an issue if filter is removed from system and 
regenerated on a bench top

MV 202 Ar Filter assembly inlet isolation Fails closed Potential trapped volume Safe Valve cannot be accessed from outside the vacuum jacket.  It is a high 
quality all stainless steel valve that is unlikely to close.

MV 204 Ar Liquid argon source manifold argon line isolation/pumpout Fails open LAr dumps onto floor Safe ODH analysis indicates this is acceptable and loud sound of high pressure 
liquid venting will cause those present to shut the valve

MV 204 Ar Liquid argon source manifold argon line isolation/pumpout Fails closed Can't evacuate argon liquid line Safe Operational problem - contaminants will be left in argon liquid line

MV 208 Ar Filter assembly outlet isolation Fails open Can't isolate filter Safe Operational problem - Only an issue if filter is removed from system and 
regenerated on a bench top

MV 208 Ar Filter assembly outlet isolation Fails closed Potential trapped volume Safe
To create trapped volume, MV-202-Ar must also be closed.  MV-202-Ar 
cannot be accessed from outside the vacuum jacket.  It is a high quality all 
stainless steel valve that is unlikely to close.

MV 213 Ar Liquid argon source manifold isolation Fails open Can't isolate LAr source manifold Safe Operational problem - contamination may be introduced into system 
without proper isolation and evacuation

MV 213 Ar Liquid argon source manifold isolation Fails closed Can't transfer LAr Safe Operational problem 

MV 217 Ar Molecular sieve isolation Fails open Can't isolate molecular sieve Safe Operational problem - regeneration and purity concerns

MV 217 Ar Molecular sieve isolation Fails closed Can't transfer LAr Safe Operational problem - PSV-219-Ar relieves potential trapped volume

MV 218 Ar Molecular sieve isolation/pumpout Fails open LAr dumps onto PAB floor Safe ODH analysis indicates this is acceptable and loud sound of high pressure 
liquid venting will cause those present to shut the valve

MV 218 Ar Molecular sieve isolation/pumpout Fails closed Can't evacuate molecular sieve Safe Operational problem - regeneration and purity concerns

MV 224 V Transfer line insulating vacuum pump cart roughing pump port isolation Fails open Can't evacuate transfer line Safe Operational problem - possible turbo pump damage if opened at wrong 
time

MV 224 V Transfer line insulating vacuum pump cart roughing pump port isolation Fails closed Normal position Safe Operational problem - if another vacuum port is needed

MV 227 V Insulating vacuum pump cart port isolation Fails open Can't evacuate transfer line Safe Operational problem - possible turbo pump damage if opened at wrong 
time

MV 227 V Insulating vacuum pump cart port isolation Fails closed Normal position Safe Operational problem - if another vacuum port is needed

MV 228 V Insulating vacuum pump cart port isolation Fails open Can't evacuate transfer line Safe Operational problem - possible turbo pump damage if opened at wrong 
time

MV 228 V Insulating vacuum pump cart port isolation Fails closed Normal position Safe Operational problem - if another vacuum port is needed

MV 229 V Cryostat pump cart port isolation Fails open Can't evacuate cryostat to high vacuum Safe Operational problem - possible turbo pump damage if opened at wrong 
time

MV 229 V Cryostat pump cart port isolation Fails closed Can't evacuate cryostat Safe Operational problem - if another vacuum port is needed

MV 237 V Seal monitor pump cart isolation Fails open Can't isolate vacuum pump Safe Operational problem 

MV 237 V Seal monitor pump cart isolation Fails closed Can't vacuum pump flange seal or air lock Safe Operational problem - purity difficult to obtain without this vacuum pump

MV 239 Ar Liquid argon "dump" before Luke Fails open Can't fill cryostat Safe Operational problem - LAr vaporized and vented outside.

MV 239 Ar Liquid argon "dump" before Luke Fails closed Can't dump initial flow thru filter Safe Operational problem - purity difficult to obtain without dumping initial flow 
thru filter

MV 241 Ar Gas contamination introduction isolation Fails open No problem Safe MV-242-Ar performs the same function

MV 241 Ar Gas contamination introduction isolation Fails closed Can't introduce gas samples Safe Operational problem 

MV 242 Ar Gas contamination introduction isolation Fails open No problem Safe MV-241-Ar performs the same function

MV 242 Ar Gas contamination introduction isolation Fails closed Can't introduce gas samples Safe Operational problem 

MV 244 Ar Luke cryo isolation valve Fails open Can't isolate cryostat Safe Operational problem -filter warming up could release contaminants

MV 244 Ar Luke cryo isolation valve Fails closed Can't fill cryostat Safe Operational problem - PSV-250-Ar relieves potential trapped volume

MV 246 Ar Gas contamination introduction isolation Fails open Can't isolate sample bottle Safe Operational problem - need isolation to deliver a known volume

MV 246 Ar Gas contamination introduction isolation Fails closed Can't introduce contaminants Safe Operational problem 
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MV 247 Ar Luke vapor pump filter regeneration gas outlet isolation Fails open Filter is not isolated Safe Operational problem - could depressurize cryostat or introduce 
contamination

MV 247 Ar Luke vapor pump filter regeneration gas outlet isolation Fails closed Filter regeneration not possible Safe Operational problem

MV 248 Ar Luke vapor pump filter regeneration gas inlet isolation Fails open Filter is not isolated Safe Operational problem - could force liquid from cryostat or introduce 
contamination

MV 248 Ar Luke vapor pump filter regeneration gas inlet isolation Fails closed Filter regeneration not possible Safe Operational problem

MV 251 V "Air lock" vacuum isolation Fails open Air lock not isolated from turbo Safe Operational problem - can't use air lock

MV 251 V "Air lock" vacuum isolation Fails closed Air lock evacuation not possible Safe Operational problem - contamination can't be removed from air lock

MV 252 Ar "Air lock" argon bottle purge isolation Fails open Air lock is constantly purged Safe Operational problem

MV 252 Ar "Air lock" argon bottle purge isolation Fails closed Air lock can't be purged with bottle gas Safe Operational problem - air lock can still be purged using cryostat gas

MV 253 Ar "Air lock" cryostat vapor purge isolation Fails open Air lock is constantly purged Safe Operational problem

MV 253 Ar "Air lock" cryostat vapor purge isolation Fails closed Air lock can't be purged with boil-off gas Safe Operational problem

MV 254 V Luke materials test station air lock pass thru Fails open Air lock can't be isolated from cryostat Safe Operational problem - air lock must be isolated to remove contamination

MV 254 V Luke materials test station air lock pass thru Fails closed Materials cannot be placed into cryostat Safe Operational problem

MV 255 Ar Luke manual vapor vent Fails open Cryostat blows down Safe Operational problem

MV 255 Ar Luke manual vapor vent Fails closed Can't manually vent cryostat Safe Operational problem - EP-205-Ar can vent vapor 

MV 256 Ar "Air lock" purge vent isolation Fails open Can't evacuate air lock Safe Operational problem - contamination not removed from air lock

MV 256 Ar "Air lock" purge vent isolation Fails closed Can't purge air lock with Ar gas Safe Operational problem - contamination not removed from air lock

MV 261 V Luke insulating vacuum isolation/pumpout Fails open Cryostat could loose insulating vacuum Safe Operational problem - PSV-210-Ar can handle boil-off

MV 261 V Luke insulating vacuum isolation/pumpout Fails closed Can't vacuum pump insulating space Safe Operational problem - PSV-210-Ar can handle boil-off

MV 265 N2 Bleed up cylinder regulator outlet isolation Fails open No hazard Safe Normal position

MV 265 N2 Bleed up cylinder regulator outlet isolation Fails closed Can't use N2 gas Safe Operational problem - can't bleed up insulating vacuum with dry gas

MV 267 V Transfer line insulating vacuum nitrogen bleed up isolation Fails open Insulating vacuum not isolated Safe Operational problem - MV-265-N2 also provides isolation

MV 267 V Transfer line insulating vacuum nitrogen bleed up isolation Fails closed Can't use N2 gas Safe Operational problem - can't bleed up insulating vacuum with dry gas

MV 268 Air Shop air isolation Fails open Shop air can't be isolated Safe Operational problem

MV 268 Air Shop air isolation Fails closed Shop air not available for valve actuation Safe Operational problem - safety not dependent on actuated valves

MV 277 Ar Argon purge regulator outlet isolation at flow meter panel Fails open No hazard Safe Normal position

MV 277 Ar Argon purge regulator outlet isolation at flow meter panel Fails closed No Ar gas purge Safe Operational problem - O2 diffusion thru o-rings will contaminate cryostat

MV 290 Ar Air lock purge inlet isolation Fails open No hazard Safe Redundant valving can provide isolation if required

MV 290 Ar Air lock purge inlet isolation Fails closed Air lock can't be purged Safe Operational problem - Air lock can't be purged which could lead to cryostat 
contamination

MV 291 Ar Air lock purge oxygen monitor isolation Fails open No hazard Safe Redundant valving can provide equivalent functionality

MV 291 Ar Air lock purge oxygen monitor isolation Fails closed No hazard Safe Redundant valving can provide equivalent functionality

MV 294 Ar Oxygen monitor manifold inlet isolation Fails open No hazard Safe Redundant valving can provide equivalent functionality

MV 294 Ar Oxygen monitor manifold inlet isolation Fails closed No hazard Safe Redundant valving can provide equivalent functionality

MV 295 V Oxygen monitor vacuum pump isolation Fails open Can't isolate vacuum pump Marginal Vacuum pump could be damaged by excessive inlet pressure or oxygen 
monitor could be damaged by vacuum

MV 295 V Oxygen monitor vacuum pump isolation Fails closed Vacuum pump cannot be used Safe Operational problem - gas sampling lines cannot be evacuated before use

MV 296 Ar Oxygen monitor open port isolation Fails open Sample gas flow fails to reach meter Safe Operational problem - air lock purge cannot be monitored

MV 296 Ar Oxygen monitor open port isolation Fails closed No effect Safe Normal position

MV 300 Ar Oxygen monitor metering valve Fails open Can't control gas sample gas flow Safe Operational problem - air lock purge gas sample reading will be 
inaccurate if flowmeter does not indicate 2 SCFH

MV 300 Ar Oxygen monitor metering valve Fails closed Sample gas flow fails to reach meter Safe Operational problem - air lock purge cannot be monitored
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MV 310 Ar Oxygen monitor inlet isolation Fails open No hazard Safe Normal position

MV 310 Ar Oxygen monitor inlet isolation Fails closed Sample gas flow fails to reach meter Safe Operational problem - air lock purge cannot be monitored

MV 316 Ar Argon purge regulator outlet isolation at bottle Fails open No hazard Safe Normal position

MV 316 Ar Argon purge regulator outlet isolation at bottle Fails closed No Ar gas purge Safe Operational problem - O2 diffusion thru o-rings will contaminate cryostat

MV 327 Ar Luke condenser argon space vent Fails open Luke depressurizes Safe Operational problem - ODH analysis takes this venting into account

MV 327 Ar Luke condenser argon space vent Fails closed Condenser GAr space inaccessible Safe Operational problem - can't perform contamination test

MV 328 Ar Luke vapor pump equalization isolation Fails open Can't isolate during regeneration Safe Operational problem - When filter is removed for regeneration, it cannot 
be isolated from atmosphere and regeneration will fail

MV 328 Ar Luke vapor pump equalization isolation Fails closed Vapor pump can't cycle Safe Operational problem - Blocks the cycling action of EP-78-Ar which stops 
the filter from cycling

MV 329 Ar Luke vapor pump vent isolation Fails open Luke depressurizes Safe Gas vents to the outside thru the vent header

MV 329 Ar Luke vapor pump vent isolation Fails closed No effect Safe Normal position

MV 333 CO2 Vapor pump transport CO2 bottle regulator outlet isolation Fails open CO2 sees LAr temperatures in cold valve Safe Operational problem - liquid in cold valve actuator may cause a 
malfunction

MV 333 CO2 Vapor pump transport CO2 bottle regulator outlet isolation Fails closed CO2 can't reach cold valve Safe Operational problem - can't shut cold valve during filter regeneration

MV 336 V Vapor pump cold valve vacuum isolation Fails open Cold valve sticks open Safe Operational problem - can't shut cold valve during filter regeneration

MV 336 V Vapor pump cold valve vacuum isolation Fails closed Cold valve cannot be opened Safe Operational problem - liquid cannot be filtered unless the cold valve is 
open

MV 337 He Vapor pump cold valve isolation at vapor pump top flange Fails open No effect Safe Normal position, CO2, He, and vacuum isolation provided by other valves

MV 337 He Vapor pump cold valve isolation at vapor pump top flange Fails closed Cold valve cannot be opened Safe Operational problem - liquid cannot be filtered unless the cold valve is 
open

MV 338 He Vapor pump cold valve He supply isolation Fails open Can't open cold valve Safe Operational problem - liquid cannot be filtered unless the cold valve is 
open

MV 338 He Vapor pump cold valve He supply isolation Fails closed Cold valve can't be closed in LAr Safe Operational problem - can't close cold valve without He gas if the valve is 
immersed in LAr

MV 342 He He bottle regulator outlet isolation Fails open No hazard Safe Normal position

MV 342 He He bottle regulator outlet isolation Fails closed Cold valve can't be closed in LAr Safe Operational problem - can't close cold valve without He gas if the valve is 
immersed in LAr

MV 354 Ar Luke liquid space tap isolation Fails closed No hazard Safe Normal position

MV 354 Ar Luke liquid space tap isolation Fails open Luke depressurizes Safe Operational problem - ODH analysis takes this venting into account

MV 360 V Luke vacuum pumpout isolation valve Fails open Can't isolate cryostat from turbo pump cart Safe Operational problem - cryostat could wreck turbo

MV 360 V Luke vacuum pumpout isolation valve Fails closed Can't evacuate cryostat Safe Operational problem - cryostat must be evacuated to remove air 
contamination

MV 365 V O2 filter vacuum isolation (downstream tap) Fails open Can't use O2 filter Safe Operational problem

MV 365 V O2 filter vacuum isolation (downstream tap) Fails closed Can't evacuate filter from downstream side Safe Operational problem - may not be able to effectively remove 
contamination

MV 366 V O2 filter vacuum isolation (upstream tap) Fails open Can't use O2 filter Safe Operational problem

MV 366 V O2 filter vacuum isolation (upstream tap) Fails closed Can't evacuate filter from upstream side Safe Operational problem - may not be able to effectively remove 
contamination

MV 368 V Bo insulating vacuum isolation Fails open No effect Safe Redundant valving can provide equivalent functionality

MV 368 V Bo insulating vacuum isolation Fails closed No effect Safe Redundant valving can provide equivalent functionality

MV 369 V Bo insulating vacuum isolation/pumpout Fails open No effect Safe Redundant valving can provide equivalent functionality

MV 369 V Bo insulating vacuum isolation/pumpout Fails closed No effect Safe Redundant valving can provide equivalent functionality

MV 370 Ar Luke drain valve Fails open Cryostat empties Safe Operational problem - LAr is vaporized and vents outside

MV 370 Ar Luke drain valve Fails closed Can't drain liquid from cryostat Safe Operational problem - could use heaters to vaporize LAr

MV 375 N2 PT-27-N2 isolation Fails open Must disrupt process to service transmitter Safe Operational problem 
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MV 375 N2 PT-27-N2 isolation Fails closed Transmitter fails to report accurate pressure Safe Operational problem 

MV 379 Ar Bo LAr fill isolation valve Fails open Can't bypass during cooldown Safe Operational problem - purity difficult to obtain without dumping initial flow 
thru filter

MV 379 Ar Bo LAr fill isolation valve Fails closed Can’t fill Bo with LAr Safe Operational problem

MV 380 Ar Bo venting isolation Fails open Cryostat blows down Safe Operational problem

MV 380 Ar Bo venting isolation Fails closed Can't manually vent cryostat Safe Operational problem - PSV-377-Ar and PSV-378-Ar can vent vapor 

MV 381 V Bo inner vessel vacuum pumpout Fails open Can't isolate cryostat from turbo pump cart Safe Operational problem - cryostat pressure could wreck turbo

MV 381 V Bo inner vessel vacuum pumpout Fails closed Can't evacuate cryostat Safe Operational problem - cryostat must be evacuated to remove air 
contamination

MV 386 V Bo vacuum pump cart rough pump isolation Fails open No effect Safe Normal position

MV 386 V Bo vacuum pump cart rough pump isolation Fails closed Can't evacuate cryostat Safe Operational problem - cryostat must be evacuated to remove air 
contamination

MV 387 V Bo vacuum pump cart bleed up valve Fails open Can't evacuate cryostat Safe Operational problem - cryostat must be evacuated to remove air 
contamination

MV 387 V Bo vacuum pump cart bleed up valve Fails closed No effect Safe Normal position

MV 393 Ar Luke contamination gas filter isolation Fails open No effect Safe Normal position

MV 393 Ar Luke contamination gas filter isolation Fails closed Can't filter gas Safe Operational problem - contaminant test may be flawed

MV 394 Ar Luke contamination gas filter isolation Fails open No effect Safe Normal position

MV 394 Ar Luke contamination gas filter isolation Fails closed Can't filter gas Safe Operational problem - contaminant test may be flawed

MV 401 HAr 5% H2 95% Ar O2 filter regeneration gas metering valve Fails open No effect Safe Normal position is fully open

MV 401 HAr 5% H2 95% Ar O2 filter regeneration gas metering valve Fails closed Can't regenerate O2 filter Safe Operational problem

MV 418 HAr Regeneration vacuum pump isolation Fails open No effect Safe Redundant valving can provide equivalent functionality

MV 418 HAr Regeneration vacuum pump isolation Fails closed No effect Safe Redundant valving can provide equivalent functionality

MV 419 HAr Regeneration vacuum pump isolation Fails open No effect Safe Redundant valving can provide equivalent functionality

MV 419 HAr Regeneration vacuum pump isolation Fails closed No effect Safe Redundant valving can provide equivalent functionality

MV 420 HAr Regeneration vacuum pump bleed up Fails open No effect Safe Redundant valving can provide equivalent functionality

MV 420 HAr Regeneration vacuum pump bleed up Fails closed Can't start vacuum valve Safe Oil sealed valve might not start under vacuum

MV 461 HAr O2 filter regeneration isolation (exhaust) Fails open LAr transfer line vents outside Safe Operational problem - venting liquid could damage transmitters

MV 461 HAr O2 filter regeneration isolation (exhaust) Fails closed Can't regenerate filter Safe Operational problem

MV 480 HAr O2 filter regeneration isolation (inlet) Fails open Possible contamination Safe Operational problem - contamination could reach LAr piping

MV 480 HAr O2 filter regeneration isolation (inlet) Fails closed Can't regenerate filter Safe Operational problem

MV V2 HAr Regulator isolation Fails open No effect - Not in use Safe  ----

MV V2 HAr Regulator isolation Fails closed No effect - Not in use Safe  ----

MV V4 HAr Regulator isolation Fails open No effect - Not in use Safe  ----

MV V4 HAr Regulator isolation Fails closed No effect - Not in use Safe  ----

MV V7 HAr Line pressure regulator outlet isolation Fails open Possible contamination Safe Operational problem - could introduce contaminants into regeneration gas

MV V7 HAr Line pressure regulator outlet isolation Fails closed No effect - Not in use Safe Normal position

MV V8 HAr Regeneration vacuum pump isolation Fails open Can't regenerate O2 filter Safe Operational problem

MV V8 HAr Regeneration vacuum pump isolation Fails closed Can't evacuate regeneration piping Safe Operational problem - possible contamination

MV V9 HAr Bench top oxygen filter regeneration isolation Fails open Can't regenerate "p-bar" O2 filter Safe Operational problem

MV V9 HAr Bench top oxygen filter regeneration isolation Fails closed Can't regenerate local O2 filter Safe Operational problem

MV V10 HAr Regeneration gas isolation Fails open No effect Safe Redundant valving can provide equivalent functionality

MV V10 HAr Regeneration gas isolation Fails closed No effect Safe Redundant valving can provide equivalent functionality

 
Page 49 of 300   ver. 6/3/2008



Terry Tope - 5.7.08
3.1 - 11/19

MV V12 HAr Regeneration gas isolation Fails open No effect Safe Redundant valving can provide equivalent functionality

MV V12 HAr Regeneration gas isolation Fails closed No effect Safe Redundant valving can provide equivalent functionality

MV V14 HAr 5% H2 95% Ar O2 filter regeneration gas bottle regulator outlet isolation Fails open No effect Safe Normal position is fully open

MV V14 HAr 5% H2 95% Ar O2 filter regeneration gas bottle regulator outlet isolation Fails closed Can't regenerate O2 filter Safe Operational problem

Pressure regulators and pressure control valves

PCV 70 N Fill shut off valve Fails open LN2 dewar not protected from overfill Marginal

LN2 dewar could be over pressurized during a fill if dewar relief valves are 
over powered by the tanker truck centrifugal pump.  There is a very low 
probability of  PCV-70-N failing to protect the dewar.  It is a high quality 
valve with a TUV certificate.   

PCV 70 N Fill shut off valve Fails closed LN2 dewar cannot be filled Safe Operational problem - No LN2 to condense GAr

PCV 121 Ar Ar with O2 contamination source bottle regulator Fails open Downstream components see bottle pressure Safe PSV-136-Ar protects downstream  components

PCV 121 Ar Ar with O2 contamination source bottle regulator Fails closed Contamination gas cannot flow Safe Operational problem

PCV 125 Ar Ar with O2 contamination source line regulator Fails open No additional line pressure regulation Safe Operational problem

PCV 125 Ar Ar with O2 contamination source line regulator Fails closed Contamination gas cannot flow Safe Operational problem

PCV 129 N2 Nitrogen contamination source bottle regulator Fails open Downstream components see bottle pressure Safe PSV-136-Ar protects downstream  components

PCV 129 N2 Nitrogen contamination source bottle regulator Fails closed Contamination gas cannot flow Safe Operational problem

PCV 262 N2 LAr transfer line insulating vacuum bleed up regulator Fails open Downstream components see bottle pressure Safe PSV-137-N2 protects downstream components

PCV 262 N2 LAr transfer line insulating vacuum bleed up regulator Fails closed Bleed up gas cannot flow Safe Operational problem

PCV 269 Air Shop air point of use regulator Fails open Shop air is unregulated Safe Operational problem

PCV 269 Air Shop air point of use regulator Fails closed Shop air not available for valve actuation Safe Operational problem - safety not dependent on actuated valves

PCV 273 Ar Argon purge bottle regulator Fails open Downstream components see bottle pressure Safe PSV-276-ar protects downstream components

PCV 273 Ar Argon purge bottle regulator Fails closed Contamination gas cannot flow Safe Operational problem

PCV 292 Air Materials basket catch/release mechanism line pressure regulation Fails open Catch/release mechanism operates poorly Safe Operational problem - PCV-269-AIR provides additional regulation

PCV 292 Air Materials basket catch/release mechanism line pressure regulation Fails closed Catch/release mechanism does not operate Safe Operational problem

PCV 297 Ar Oxygen monitor inlet pressure regulation Fails open Purge gas over pressurizes meter Marginal
Possible damage to oxygen meter if purge gas pressure is too high.  
However the metering valve MV-300-Ar should provide enough pressure 
drop to protect the meter

PCV 297 Ar Oxygen monitor inlet pressure regulation Fails closed Can't analyze purge gas Safe Operational problem

PCV 330 CO2 Vapor pump transport CO2 bottle regulator Fails open Unregulated CO2 pressure Safe PSV-335-CO2 relieves excess pressure and MV-333-CO2 is rated for 
3000 psig which is > ~1000 psig CO2 bottle pressure

PCV 330 CO2 Vapor pump transport CO2 bottle regulator Fails closed Can't close vapor pump cold valve Safe Operational problem when cryostat is warm

PCV 339 He Vapor pump cold valve He supply bottle regulator Fails open Unregulated He pressure Safe PSV-343-He relieves excess pressure and MV-342-He can handle the 
bottle pressure

PCV 339 He Vapor pump cold valve He supply bottle regulator Fails closed Can't close vapor pump cold valve Safe Operational problem when cryostat is cold

PCV 388 N2 Luke condenser  back pressure regulator Fails open No hazard Safe Operational problem if increased LN2 temperature is desired

PCV 388 N2 Luke condenser  back pressure regulator Fails closed Trapped volume Safe PSV-389-N2 relieves trapped volume

PCV 396 HAr O2 filter regeneration gas bottle regulator (located outside PAB) Fails open Unregulated bottle pressure Safe PSV-399-HAr and PSV-400-HAr relieve excess pressure and MV-V14-HAr 
is rated for bottle pressure

PCV 396 HAr O2 filter regeneration gas bottle regulator (located outside PAB) Fails closed Can't regenerate O2 filter Safe Operational problem

PCV 402 Ar Line pressure regulation Fails open No effect - Not in use Safe  ----

PCV 402 Ar Line pressure regulation Fails closed No effect - Not in use Safe  ----

Vacuum pressure elements 

PE 91 V LN2 dewar insulating vacuum Incorrect reading -low Insulating vacuum worse than indicated Safe Operational problem - SV-99-N or SV-100-N handles excess boil-off

PE 91 V LN2 dewar insulating vacuum Incorrect reading - high Insulating vacuum better than indicated Safe Operational problem - time could be spent investigating a non-existent 
problem
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PE 225 V Liquid argon source manifold insulating vacuum Incorrect reading -low Insulating vacuum worse than indicated Safe Operational problem - larger liquid loss during LAr transfer

PE 225 V Liquid argon source manifold insulating vacuum Incorrect reading - high Insulating vacuum better than indicated Safe Operational problem - time could be spent investigating a non-existent 
problem

PE 226 V Insulating vacuum pump cart inter-stage pressure Incorrect reading -low Vacuum worse than indicated Safe Operational problem - may have trouble turning on turbo

PE 226 V Insulating vacuum pump cart inter-stage pressure Incorrect reading - high Vacuum better than indicated Safe Operational problem - time could be spent investigating a non-existent 
problem

PE 230 V Insulating vacuum pump cart pressure Incorrect reading -low Vacuum worse than indicated Safe Operational problem - redundant instrument with PE-231-V

PE 230 V Insulating vacuum pump cart pressure Incorrect reading - high Vacuum better than indicated Safe Operational problem - time could be spent investigating a non-existent 
problem

PE 231 V Insulating vacuum pump cart pressure Incorrect reading -low Vacuum worse than indicated Safe Operational problem - redundant instrument with PE-230-V

PE 231 V Insulating vacuum pump cart pressure Incorrect reading - high Vacuum better than indicated Safe Operational problem - time could be spent investigating a non-existent 
problem

PE 234 V Transfer line insulating vacuum pressure Incorrect reading -low Insulating vacuum worse than indicated Safe Operational problem - larger liquid loss during LAr transfer

PE 234 V Transfer line insulating vacuum pressure Incorrect reading - high Vacuum better than indicated Safe Operational problem - time could be spent investigating a non-existent 
problem

PE 235 V Oxygen filter insulating vacuum Incorrect reading -low Insulating vacuum worse than indicated Safe Operational problem - larger liquid loss during LAr transfer, PT-15-V 
provides another measurement of this vacuum

PE 235 V Oxygen filter insulating vacuum Incorrect reading - high Vacuum better than indicated Safe Operational problem - time could be spent investigating a non-existent 
problem

PE 238 V Seal monitor pump cart pressure Incorrect reading -low Seal vacuum worse than indicated Safe Operational problem - poor vacuum can lead to contamination, PT-69-V 
provides another measurement of this vacuum

PE 238 V Seal monitor pump cart pressure Incorrect reading - high Vacuum better than indicated Safe Operational problem - time could be spent investigating a non-existent 
problem PT-69-V provides another measurement of this vacuum

PE 288 V Cryostat pump cart vacuum pressure Incorrect reading -low Pump cart vacuum worse than indicated Safe Operational problem - PT-19-V and PT-33-V will indicate if vacuum is poor

PE 288 V Cryostat pump cart vacuum pressure Incorrect reading - high Vacuum better than indicated Safe Operational problem - time could be spent investigating a non-existent 
problem

PE 312 V Oxygen monitor manifold vacuum pump inlet pressure Incorrect reading -low Vacuum worse than indicated Safe Operational problem - possible contamination

PE 312 V Oxygen monitor manifold vacuum pump inlet pressure Incorrect reading - high Vacuum better than indicated Safe Operational problem - time could be spent investigating a non-existent 
problem

PE 348 V LN2 transfer insulating vacuum near Luke Incorrect reading -low Insulating vacuum worse than indicated Safe Operational problem - larger liquid loss during LN2 transfer

PE 348 V LN2 transfer insulating vacuum near Luke Incorrect reading - high Insulating vacuum better than indicated Safe Operational problem - time could be spent investigating a non-existent 
problem, PE-409-V provides redundant instrumentation

PE 371 V Bo insulating vacuum gauge tube Incorrect reading -low Insulating vacuum worse than indicated Safe Operational problem - larger liquid losses, PSV-377-Ar can handle loss of 
vacuum boiloff and PT-17-V provides redundant instrumentation

PE 371 V Bo insulating vacuum gauge tube Incorrect reading - high Insulating vacuum better than indicated Safe Operational problem - time could be spent investigating a non-existent 
problem, PT-17-V provides redundant instrumentation

PE 408 V LN2 transfer insulating vacuum dewar side Incorrect reading -low Insulating vacuum worse than indicated Safe Operational problem - larger liquid loss during LN2 transfer

PE 408 V LN2 transfer insulating vacuum dewar side Incorrect reading - high Vacuum better than indicated Safe Operational problem - time could be spent investigating a non-existent 
problem

PE 409 V LN2 transfer insulating vacuum dewar side Incorrect reading -low Insulating vacuum worse than indicated Safe Operational problem - larger liquid loss during LN2 transfer, PE-348-V 
provides redundant instrumentation

PE 409 V LN2 transfer insulating vacuum dewar side Incorrect reading - high Vacuum better than indicated Safe Operational problem - time could be spent investigating a non-existent 
problem, PE-348-V provides redundant instrumentation.

PE 416 HAr Regeneration gas vent line pressure Incorrect reading -low Vacuum worse than indicated Safe Operational problem - possible contamination

PE 416 HAr Regeneration gas vent line pressure Incorrect reading - high Vacuum better than indicated Safe Operational problem - time could be spent investigating a non-existent 
problem

PE 417 HAr Regeneration gas vacuum pump inlet pressure Incorrect reading -low Vacuum worse than indicated Safe Operational problem - possible contamination

PE 417 HAr Regeneration gas vacuum pump inlet pressure Incorrect reading - high Vacuum better than indicated Safe Operational problem - time could be spent investigating a non-existent 
problem
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Pressure indicating gauges

PI 12 Ar Luke cryostat Ar pressure Incorrect reading -low No hazard Safe Operational problem - PT-11-Ar provides redundant instrumentation

PI 12 Ar Luke cryostat Ar pressure Incorrect reading - high No hazard Safe Operational problem - PT-11-Ar provides redundant instrumentation

PI 44 N2 LN2 transfer line pressure Incorrect reading -low No hazard Safe Operational problem - PT-27-N2 provides redundant instrumentation

PI 44 N2 LN2 transfer line pressure Incorrect reading - high No hazard Safe Operational problem - PT-27-N2 provides redundant instrumentation

PI 100 N LN2 dewar pressure Incorrect reading -low No hazard Safe
Operational problem - could make it difficult for tanker truck driver to 
match dewar pressure during fill, PT-51-N provides redundant 
instrumentation

PI 100 N LN2 dewar pressure Incorrect reading - high No hazard Safe
Operational problem - could make it difficult for tanker truck driver to 
match dewar pressure during fill, PT-51-N provides redundant 
instrumentation

PI 122 Ar Ar with O2 contamination source bottle pressure Incorrect reading -low No hazard Safe Operational problem

PI 122 Ar Ar with O2 contamination source bottle pressure Incorrect reading - high No hazard Safe Operational problem

PI 123 Ar Ar with O2 contamination source regulated bottle pressure Incorrect reading -low No hazard Safe Operational problem

PI 123 Ar Ar with O2 contamination source regulated bottle pressure Incorrect reading - high No hazard Safe Operational problem

PI 126 Ar Ar with O2 contamination source regulated line pressure Incorrect reading -low No hazard Safe Operational problem

PI 126 Ar Ar with O2 contamination source regulated line pressure Incorrect reading - high No hazard Safe Operational problem

PI 130 N2 N2 contamination source bottle pressure Incorrect reading -low No hazard Safe Operational problem

PI 130 N2 N2 contamination source bottle pressure Incorrect reading - high No hazard Safe Operational problem

PI 133 N2 LN2 vent back pressure Incorrect reading -low No hazard Safe Operational problem - PT-1-N2 provides redundant instrumentation

PI 133 N2 LN2 vent back pressure Incorrect reading - high No hazard Safe Operational problem - PT-1-N2 provides redundant instrumentation

PI 134 N2 N2 contamination regulated pressure Incorrect reading -low No hazard Safe Operational problem

PI 134 N2 N2 contamination regulated pressure Incorrect reading - high No hazard Safe Operational problem

PI 243 Ar Gas contamination sample bottle isolation Incorrect reading -low No hazard Safe Operational problem

PI 243 Ar Gas contamination sample bottle isolation Incorrect reading - high No hazard Safe Operational problem

PI 263 N2 Bleed up cylinder bottle pressure Incorrect reading -low No hazard Safe Operational problem

PI 263 N2 Bleed up cylinder bottle pressure Incorrect reading - high No hazard Safe Operational problem

PI 264 N2 Bleed up cylinder regulated pressure Incorrect reading -low No hazard Safe Operational problem

PI 264 N2 Bleed up cylinder regulated pressure Incorrect reading - high No hazard Safe Operational problem

PI 272 Air Shop air regulated pressure Incorrect reading -low No hazard Safe Operational problem

PI 272 Air Shop air regulated pressure Incorrect reading - high No hazard Safe Operational problem

PI 274 Ar Argon purge cylinder pressure Incorrect reading -low No hazard Safe Operational problem

PI 274 Ar Argon purge cylinder pressure Incorrect reading - high No hazard Safe Operational problem

PI 275 Ar Argon purge cylinder regulated pressure Incorrect reading -low No hazard Safe Operational problem

PI 275 Ar Argon purge cylinder regulated pressure Incorrect reading - high No hazard Safe Operational problem

PI 293 Air Materials basket catch/release mechanism line pressure regulator outlet Incorrect reading -low Catch/release mechanism could malfunction Safe Operational problem if supplied pressure is incorrect

PI 293 Air Materials basket catch/release mechanism line pressure regulator outlet Incorrect reading - high Catch/release mechanism could malfunction Safe Operational problem if supplied pressure is incorrect

PI 298 Ar Oxygen monitor line pressure regulator inlet pressure Incorrect reading -low No hazard Safe Operational problem

PI 298 Ar Oxygen monitor line pressure regulator inlet pressure Incorrect reading - high No hazard Safe Operational problem

PI 299 Ar Oxygen monitor line pressure regulator outlet pressure Incorrect reading -low Over pressurize oxygen meter Marginal Metering valve MV-300-Ar should provide enough pressure drop 
restriction to prevent over pressurizing the meter

PI 299 Ar Oxygen monitor line pressure regulator outlet pressure Incorrect reading - high No hazard Safe Operational problem

PI 326 Ar Material lock pressure Incorrect reading -low No hazard Safe Operational problem
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PI 326 Ar Material lock pressure Incorrect reading - high No hazard Safe Operational problem

PI 331 CO2 Vapor pump transport CO2 bottle regulator inlet pressure Incorrect reading -low No hazard Safe Operational problem - bottle may not be empty despite indication

PI 331 CO2 Vapor pump transport CO2 bottle regulator inlet pressure Incorrect reading - high No hazard Safe Operational problem - bottle may empty despite indication

PI 332 CO2 Vapor pump transport CO2 bottle regulator outlet pressure Incorrect reading -low No hazard Safe Operational problem - PI-334-CO2 provides redundant instrumentation

PI 332 CO2 Vapor pump transport CO2 bottle regulator outlet pressure Incorrect reading - high No hazard Safe Operational problem - PI-334-CO2 provides redundant instrumentation

PI 334 CO2 Vapor pump cold valve pressure Incorrect reading -low No hazard Safe Operational problem

PI 334 CO2 Vapor pump cold valve pressure Incorrect reading - high No hazard Safe Operational problem

PI 340 He He bottle regulator inlet Incorrect reading -low No hazard Safe Operational problem

PI 340 He He bottle regulator inlet Incorrect reading - high No hazard Safe Operational problem

PI 341 He He bottle regulator outlet Incorrect reading -low No hazard Safe Operational problem

PI 341 He He bottle regulator outlet Incorrect reading - high No hazard Safe Operational problem

PI 345 Ar LAr supply manifold line pressure Incorrect reading -low No hazard Safe Operational problem

PI 345 Ar LAr supply manifold line pressure Incorrect reading - high No hazard Safe Operational problem

PI 363 Ar Bo cryostat Ar pressure Incorrect reading -low No hazard Safe Operational problem

PI 363 Ar Bo cryostat Ar pressure Incorrect reading - high No hazard Safe Operational problem

PI 397 HAr 5% H2 95% Ar O2 filter regeneration gas bottle regulator inlet pressure Incorrect reading -low No hazard Safe Operational problem

PI 397 HAr 5% H2 95% Ar O2 filter regeneration gas bottle regulator inlet pressure Incorrect reading - high No hazard Safe Operational problem

PI 398 HAr 5% H2 95% Ar O2 filter regeneration gas bottle regulator outlet pressure Incorrect reading -low No hazard Safe Operational problem

PI 398 HAr 5% H2 95% Ar O2 filter regeneration gas bottle regulator outlet pressure Incorrect reading - high No hazard Safe Operational problem

PI 403 Ar Line pressure (not in use) Incorrect reading -low No hazard Safe Operational problem

PI 403 Ar Line pressure (not in use) Incorrect reading - high No hazard Safe Operational problem

PI 404 Ar Line pressure regulator inlet pressure (not in use) Incorrect reading -low No hazard Safe Operational problem

PI 404 Ar Line pressure regulator inlet pressure (not in use) Incorrect reading - high No hazard Safe Operational problem

PI 405 Ar Line pressure regulator outlet pressure (not in use) Incorrect reading -low No hazard Safe Operational problem

PI 405 Ar Line pressure regulator outlet pressure (not in use) Incorrect reading - high No hazard Safe Operational problem

Pressure relief valves

PSV 101 N2 LN2 transfer line trapped volume relief Fails open LN2 vents outside Safe Operational problem

PSV 101 N2 LN2 transfer line trapped volume relief Fails closed Potential trapped volume Marginal
Low probability of a quality Circle-Seal relief valve failing completely shut.  
As pressure in the trapped volume exceeded the relief valve set point, the 
probability of a stuck relief valve opening would increase.

PSV 117 N2 LN2 transfer line trapped volume relief Fails open LN2 vents outside Safe Operational problem

PSV 117 N2 LN2 transfer line trapped volume relief Fails closed Potential trapped volume Marginal
Low probability of a quality Circle-Seal relief valve failing completely shut.  
As pressure in the trapped volume exceeded the relief valve set point, the 
probability of a stuck relief valve opening would increase.

PSV 118 N2 LN2 transfer line trapped volume relief Fails open LN2 vents outside Safe Operational problem

PSV 118 N2 LN2 transfer line trapped volume relief Fails closed Potential trapped volume Marginal
Low probability of a quality Circle-Seal relief valve failing completely shut.  
As pressure in the trapped volume exceeded the relief valve set point, the 
probability of a stuck relief valve opening would increase.

PSV 136 Ar Contamination gas supply line relief Fails open Bottle gas vents into PAB Safe ODH analysis indicates this is acceptable

PSV 136 Ar Contamination gas supply line relief Fails closed Components unprotected against bottle failure Marginal
Requires both the bottle regulator and the relief valve to fail to create a 
hazard.  There is a very low probability of both components failing 
simultaneously.

PSV 137 N2 Bleed up gas supply line relief Fails open Bottle gas vents into PAB Safe ODH analysis indicates this is acceptable

PSV 137 N2 Bleed up gas supply line relief Fails closed Components unprotected against bottle failure Marginal
Requires both the bottle regulator and the relief valve to fail to create a 
hazard.  There is a very low probability of both components failing 
simultaneously.
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PSV 156 Ar Luke vapor pump trapped volume relief Fails open GAr vents outside Safe Operational problem - Vapor pump will malfunction, 

PSV 156 Ar Luke vapor pump trapped volume relief Fails closed Potential trapped volume Safe Bellows in Fermilab designed and fabricated "cold" valve EP-308-Ar will 
fail and vent filter volume into cryostat.

PSV 203 Ar Liquid argon source manifold trapped volume relief Fails open GAr vents outside Safe  ----

PSV 203 Ar Liquid argon source manifold trapped volume relief Fails closed Potential trapped volume Marginal
Low probability of a quality Circle-Seal relief valve failing completely shut.  
As pressure in the trapped volume exceeded the relief valve set point, the 
probability of a stuck relief valve opening would increase.

PSV 210 Ar Luke LAr volume pressure relief Fails open GAr vents outside Safe Operational problem - Can't build pressure in cryostat

PSV 210 Ar Luke LAr volume pressure relief Fails closed Potential trapped volume Safe Very low probability of an ASME coded relief valve failing shut.  Rupture 
disk RD-302-Ar will blow at 55 psig which is 1.5x MAWP

PSV 211 Ar Pbar molecular sieve filter dewar inner vessel relief Fails open Spoils molecular sieve insulating vacuum Safe Increased losses during LAr transfer or increased heat load during filter 
regeneration

PSV 211 Ar Pbar molecular sieve filter dewar inner vessel relief Fails closed No Hazard Safe CVI-220-V provides relief at ~ 0 psig with its spring removed

PSV 219 Ar Molecular sieve trapped volume relief Fails open LAr flows to vaporizer and vents outside PAB Safe Operational problem - poor LAr transfer, contamination introduction if 
piping is evacuated

PSV 219 Ar Molecular sieve trapped volume relief Fails closed Potential trapped volume Marginal
Low probability of a quality Circle-Seal relief valve failing completely shut.  
As pressure in the trapped volume exceeded the relief valve set point, the 
probability of a stuck relief valve opening would increase.

PSV 249 Ar LAr transfer line trapped volume relief Fails open LAr vents outside PAB Safe Operational problem - poor LAr transfer, contamination introduction if 
piping is evacuated

PSV 249 Ar LAr transfer line trapped volume relief Fails closed Potential trapped volume Marginal
Low probability of a quality Circle-Seal relief valve failing completely shut.  
As pressure in the trapped volume exceeded the relief valve set point, the 
probability of a stuck relief valve opening would increase.

PSV 250 Ar LAr transfer line trapped volume relief Fails open LAr vents outside PAB Safe Operational problem - poor LAr transfer, contamination introduction if 
piping is evacuated

PSV 250 Ar LAr transfer line trapped volume relief Fails closed Potential trapped volume Marginal
Low probability of a quality Circle-Seal relief valve failing completely shut.  
As pressure in the trapped volume exceeded the relief valve set point, the 
probability of a stuck relief valve opening would increase.

PSV 276 Ar Argon purge pressure relief Fails open Bottle supplied GAr vents inside PAB Safe Operational problem - Possible o-ring O2 diffusion contamination, ODH 
analysis indicates GAr venting is acceptable

PSV 276 Ar Argon purge pressure relief Fails closed Downstream components unprotected Marginal
Requires both the bottle regulator and the relief valve to fail to create a 
hazard.  There is a very low probability of both components failing 
simultaneously.

PSV 313 Ar Materials lock pressure relief Fails open Materials lock & possibly cryostat depressurize Safe Operational problem

PSV 313 Ar Materials lock pressure relief Fails closed Materials lock & and bellows over pressurized Marginal

Low probability of a quality Circle-Seal relief valve failing completely shut.  
As pressure in the trapped volume exceeded the relief valve set point, the 
probability of a stuck relief valve opening would increase.  Also its very 
difficult for liquid to reach this space.

PSV 335 CO2 Vapor pump transport CO2 supply relief (also relieves He when in Luke) Fails open CO2 or He vents into PAB Safe Operational problem - can't close cold valve

PSV 335 CO2 Vapor pump transport CO2 supply relief (also relieves He when in Luke) Fails closed Downstream components unprotected Marginal
Requires both the bottle regulator and the relief valve to fail to create a 
hazard.  There is a very low probability of both components failing 
simultaneously.

PSV 343 He He bottle supply relief valve Fails open He vents into PAB Safe Operational problem

PSV 343 He He bottle supply relief valve Fails closed Downstream components unprotected Marginal
Requires both the bottle regulator and the relief valve to fail to create a 
hazard.  There is a very low probability of both components failing 
simultaneously.

PSV 344 V LAr transfer line vacuum relief Fails open Spoils LAr transfer line insulating vacuum Safe Operational problem - Increased liquid loss during LAr transfer

PSV 344 V LAr transfer line vacuum relief Fails closed Potential trapped volume Marginal
Unlikely a cryogenic leak form the inner line could build up much pressure 
in a vacuum jacket constructed from vacuum fittings.  There is a very low 
probability of a parallel plate relief failing open.

PSV 377 Ar Bo LAr volume pressure relief Fails open GAr vents outside Safe Operational problem - Can't build pressure in cryostat
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PSV 377 Ar Bo LAr volume pressure relief Fails closed Potential trapped volume Safe
Very low probability of an ASME coded relief valve failing shut.  Rupture 
disk RD-302-Ar will blow at 55 psig which is 1.5x MAWP and can handle 
all relieving conditions.  PSV-378-Ar will open at 10 psig.

PSV 378 Ar Bo LAr volume operational relief Fails open GAr vents outside Safe Operational problem - Can't build pressure in cryostat

PSV 378 Ar Bo LAr volume operational relief Fails closed No Hazard Safe  ----

PSV 389 N2 Luke condenser trapped volume relief Fails open LAr vents outside Safe Operational problem - Can't build pressure in condenser

PSV 389 N2 Luke condenser trapped volume relief Fails closed Potential trapped volume Safe
Requires both relieving regulator and the relief valve to fail to create a 
hazard.  There is a very low probability of both components failing 
simultaneously.

PSV 399 HAr 5% H2 95% Ar O2 filter regeneration gas supply relief Fails open 5% H2 / 95% Ar vents outside PAB Safe Operational problem - can't regenerate oxygen filters

PSV 399 HAr 5% H2 95% Ar O2 filter regeneration gas supply relief Fails closed No Hazard Safe PSV-400-HAr protects all downstream piping except for MV-V14-Har 
which is rated for bottle pressure

PSV 400 HAr 5% H2 95% Ar O2 filter regeneration gas supply relief Fails open 5% H2 / 95% Ar vents outside PAB Safe Operational problem - can't regenerate oxygen filters

PSV 400 HAr 5% H2 95% Ar O2 filter regeneration gas supply relief Fails closed Downstream components unprotected Safe
Requires both the bottle regulator and the relief valve to fail to create a 
hazard.  There is a very low probability of both components failing 
simultaneously.

PSV 407 Ar Gas supply relief valve Fails open No Hazard - not in use Safe  ----

PSV 407 Ar Gas supply relief valve Fails closed No Hazard - not in use Safe  ----

Pressure transmitters

PT 1 N2 Luke condenser LN2 back pressure Incorrect reading -low No Hazard Safe Operational problem - PI-133-N2 provides redundant instrumentation

PT 1 N2 Luke condenser LN2 back pressure Incorrect reading - high No Hazard Safe Operational problem - PI-133-N2 provides redundant instrumentation

PT 11 Ar Luke Ar vapor pressure Incorrect reading -low Luke vapor pressure hard to control Safe Operational problem - PI-12-Ar provides redundant instrumentation

PT 11 Ar Luke Ar vapor pressure Incorrect reading - high Luke vapor pressure hard to control Safe Operational problem - PI-12-Ar provides redundant instrumentation

PT 15 V LAr transfer line insulating vacuum Incorrect reading -low Insulating vacuum worse than indicated Safe Operational problem - increased LAr losses, PE-235-V provides 
redundant instrumentation

PT 15 V LAr transfer line insulating vacuum Incorrect reading - high Insulating vacuum better than indicated Safe Operational problem - time could be spent investigating a non-existent 
problem, PE-235-V provides redundant instrumentation

PT 17 V Bo dewar insulating vacuum Incorrect reading -low Insulating vacuum worse than indicated Safe
Operational problem - possible high LAr boil-off leading to increased LN2 
consumption or GAr venting thru PSV-377-Ar which ODH analysis 
indicates is OK

PT 17 V Bo dewar insulating vacuum Incorrect reading - high Insulating vacuum better than indicated Safe Operational problem - time could be spent investigating a non-existent 
problem

PT 19 V Luke Argon volume rough vacuum Incorrect reading -low Ion gauge PT-33-V could be damaged Safe Operational problem

PT 19 V Luke Argon volume rough vacuum Incorrect reading - high Ion gauge PT-33-V won't turn on Safe Operational problem

PT 27 N2 Nitrogen transfer line pressure Incorrect reading -low Possible controls issues Safe Operational problem

PT 27 N2 Nitrogen transfer line pressure Incorrect reading - high Possible controls issues Safe Operational problem

PT 33 V Luke Argon volume high vacuum Incorrect reading -low Argon volume vacuum worse than indicated Safe Operational problem - possible contamination issues if high vacuum is not 
achieved before fill

PT 33 V Luke Argon volume high vacuum Incorrect reading - high Argon volume vacuum better than indicated Safe Operational problem - time may be wasted by unnecessary pumping

PT 51 N LN2 dewar pressure transmitter Incorrect reading -low Possible controls issues Safe Operational problem

PT 51 N LN2 dewar pressure transmitter Incorrect reading - high Possible controls issues Safe Operational problem

PT 68 V Luke dewar insulating vacuum Incorrect reading -low Insulating vacuum worse than indicated Safe
Operational problem - possible high LAr boil-off leading to increased LN2 
consumption or GAr venting thru PSV-210-Ar which ODH analysis 
indicates is OK

PT 68 V Luke dewar insulating vacuum Incorrect reading - high Insulating vacuum better than indicated Safe Operational problem - time could be spent investigating a non-existent 
problem

PT 69 V Luke seal monitoring at vacuum pump Incorrect reading -low Insulating vacuum worse than indicated Safe Operational problem - poor vacuum can lead to O2 diffusion thru o-ring 
seals
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PT 69 V Luke seal monitoring at vacuum pump Incorrect reading - high Insulating vacuum better than indicated Safe Operational problem - time could be spent investigating a non-existent 
problem

PT 180 V P-bar mole sieve filter dewar - filter insulating vacuum Incorrect reading -low Insulating vacuum worse than indicated Safe Operational problem - high LAr losses during transfer and high heat loads 
during regeneration

PT 180 V P-bar mole sieve filter dewar - filter insulating vacuum Incorrect reading - high Insulating vacuum better than indicated Safe Operational problem - time could be spent investigating a non-existent 
problem

PT 181 V P-bar mole sieve filter dewar - dewar insulating vacuum Incorrect reading -low Insulating vacuum worse than indicated Safe Operational problem - high LAr losses during transfer and high heat loads 
during regeneration

PT 181 V P-bar mole sieve filter dewar - dewar insulating vacuum Incorrect reading - high Insulating vacuum better than indicated Safe Operational problem - time could be spent investigating a non-existent 
problem

PT 185 V Materials lock rough vacuum Incorrect reading -low Ion gauge PT-33-V could be damaged Safe Operational problem

PT 185 V Materials lock rough vacuum Incorrect reading - high Ion gauge PT-33-V won't turn on Safe Operational problem

PT 186 V Materials lock high vacuum Incorrect reading -low Vacuum worse than indicated Safe Operational problem - if not properly evacuated, contamination may be an 
issue

PT 186 V Materials lock high vacuum Incorrect reading - high Vacuum better than indicated Safe Operational problem - time could be spent investigating a non-existent 
problem

PT 154 V Pbar oxygen filtering dewar filter insulating vacuum Incorrect reading -low Insulating vacuum better than indicated Safe Operational problem - time could be spent investigating a non-existent 
problem

PT 154 V Pbar oxygen filtering dewar filter insulating vacuum Incorrect reading - high Insulating vacuum worse than indicated Safe Operational problem - high LAr losses during transfer and high heat loads 
during regeneration

PT 320 Air Shop Air Pressure Transmitter Incorrect reading -low Regulated air pressure higher than indicated Safe  ----

PT 320 Air Shop Air Pressure Transmitter Incorrect reading - high Regulated air pressure lower than indicated Safe Possible operational problems if shop air is too low,  PI-272-Air provides a 
redundant measurement

PT 323 Ar Argon purge pressure transmitter Incorrect reading -low Regulated argon pressure higher than indicated Safe  ----

PT 323 Ar Argon purge pressure transmitter Incorrect reading - high Regulated argon pressure lower than indicated Safe Possible operational problems if argon purge supply is too low,  PI-275-Ar 
provides a redundant measurement

PT 373 Ar Bo Ar vapor pressure Incorrect reading -low Luke vapor pressure hard to control Safe Operational problem - PI-363-Ar provides redundant instrumentation

PT 373 Ar Bo Ar vapor pressure Incorrect reading - high Luke vapor pressure hard to control Safe Operational problem - PI-363-Ar provides redundant instrumentation

PT 374 Ar Bo Argon volume rough vacuum Incorrect reading -low No Hazard Safe Operational problem

PT 374 Ar Bo Argon volume rough vacuum Incorrect reading - high No Hazard Safe Operational problem

PT 382 V Bo vacuum pump cart inlet full range pressure transmitter Incorrect reading -low Turbo may turn on at high pressure Marginal Turbo could be destroyed

PT 382 V Bo vacuum pump cart inlet full range pressure transmitter Incorrect reading - high No Hazard Safe Operational problem - Turbo pump may not turn on

PT 385 V Bo vacuum pump cart rough pump inlet pressure transmitter Incorrect reading -low No Hazard Safe Operational problem

PT 385 V Bo vacuum pump cart rough pump inlet pressure transmitter Incorrect reading - high No Hazard Safe Operational problem

Rupture disks

RD 99 N LN2 dewar rupture disk Fails open LN2 dewar blows down - No LN2 transfer Safe Operational problem - No LN2 will be supplied to GAr condensers

RD 99 N LN2 dewar rupture disk Fails closed No hazard Safe SV-99-N provides dewar relief

RD 100 N LN2 dewar rupture disk Fails open LN2 dewar blows down - No LN2 transfer Safe Operational problem - No LN2 will be supplied to GAr condensers

RD 100 N LN2 dewar rupture disk Fails closed No hazard Safe SV-100-N provides dewar relief

RD 209 Ar Pbar molecular sieve filter dewar inner vessel relief Fails open Spoils molecular sieve insulating vacuum Safe Increased losses during LAr transfer or increased heat load during filter 
regeneration

RD 209 Ar Pbar molecular sieve filter dewar inner vessel relief Fails closed No Hazard Safe CVI-220-V provides relief at ~ 0 psig with its spring removed

RD 301 V Pbar oxygen filtering dewar filter insulating volume pressure relief Fails open Spoils O2 filter insulating vacuum Safe Increased losses during LAr transfer or increased heat load during filter 
regeneration

RD 301 V Pbar oxygen filtering dewar filter insulating volume pressure relief Fails closed No Hazard Safe Parallel plate relief PSV-344-V provides adequate relief

RD 302 V Luke cryostat LAr volume pressure relief Fails open Cryostat blows down Safe Operational problem

RD 302 V Luke cryostat LAr volume pressure relief Fails closed No Hazard Safe PSV-210-Ar provides adequate relief

RD 376 V Bo cryostat LAr volume pressure relief Fails open Cryostat blows down Safe Operational problem
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RD 376 V Bo cryostat LAr volume pressure relief Fails closed No Hazard Safe PSV-377-Ar provides adequate relief

Pressure regulators

RV 36 N LN2 dewar pressure building regulator Fails open Excess N2 vapor is created Safe Operational problem - SV-99-N and SV-100-N will vent vapor

RV 36 N LN2 dewar pressure building regulator Fails closed Can't build pressure Safe Operational problem - need pressure to transfer LN2 into PAB

RV 90 N LN2 dewar pressure relieving regulator Fails open LN2 dewar blows down Safe Operational problem - need pressure to transfer LN2 into PAB

RV 90 N LN2 dewar pressure relieving regulator Fails closed LN2 dewar above normal operating pressure Safe Operational problem, SV-99-N and SV-100-N will vent vapor

Strainers

S 91 N LN2 dewar fill line strainer Plugged up LN2 dewar can't be filled Safe Operational problem

S 91 N LN2 dewar fill line strainer Does not filter Debris from outside pass thru fill line Safe Operational problem, dirt can keep valves from sealing tight
  

Relief valves

SV 90 N LN2 dewar fill line trapped volume relief Fails open LN2 vents into parking lot during fill Safe Operational problem

SV 90 N LN2 dewar fill line trapped volume relief Fails closed Potential unrelieved trapped volume Marginal
Low probability of a quality Circle-Seal relief valve failing completely shut.  
As pressure in the trapped volume exceeded the relief valve set point, the 
probability of a stuck relief valve opening would increase.

SV 90 V LN2 dewar vacuum jacket relief Fails open Insulating vacuum spoils Safe Operational problem - SV-99-N and SV-100-N have adequate capacity

SV 90 V LN2 dewar vacuum jacket relief Fails closed Vacuum space is not relieved Marginal A parallel plate relief without spring loading is unlikely to fail closed

SV 96 N LN2 dewar pressure building loop trapped volume relief Fails open LN2 vents into parking lot Safe Operational problem - loop can be isolated to fix relief valve

SV 96 N LN2 dewar pressure building loop trapped volume relief Fails closed Potential unrelieved trapped volume Marginal
Low probability of a quality Circle-Seal relief valve failing completely shut.  
As pressure in the trapped volume exceeded the relief valve set point, the 
probability of a stuck relief valve opening would increase.

SV 97 N LN2 dewar pressure building loop trapped volume relief Fails open LN2 vents into parking lot Safe Operational problem - loop can be isolated to fix relief valve

SV 97 N LN2 dewar pressure building loop trapped volume relief Fails closed Potential unrelieved trapped volume Marginal
Low probability of a quality Circle-Seal relief valve failing completely shut.  
As pressure in the trapped volume exceeded the relief valve set point, the 
probability of a stuck relief valve opening would increase.

SV 98 N LN2 dewar pressure building loop trapped volume relief Fails open LN2 vents into parking lot Safe Operational problem - loop can be isolated to fix relief valve

SV 98 N LN2 dewar pressure building loop trapped volume relief Fails closed Potential unrelieved trapped volume Marginal
Low probability of a quality Circle-Seal relief valve failing completely shut.  
As pressure in the trapped volume exceeded the relief valve set point, the 
probability of a stuck relief valve opening would increase.

SV 99 N LN2 dewar relief valve Fails open LN2 dewar blows down Safe Operational problem - need pressure to transfer LN2 into PAB

SV 99 N LN2 dewar relief valve Fails closed RD-99-N will vent dewar Safe Operational problem - rupture disk would have to be replaced after failure

SV 100 N LN2 dewar relief valve Fails open LN2 dewar blows down Safe Operational problem - need pressure to transfer LN2 into PAB

SV 100 N LN2 dewar relief valve Fails closed RD-100-N will vent dewar Safe Operational problem - rupture disk would have to be replaced after failure

Temperature elements

TE 6 N2 LN2 transfer line cool down temperature (control) Incorrect reading -low Cool down falsely indicated complete Safe Operational problem - could cause controls issues

TE 6 N2 LN2 transfer line cool down temperature (control) Incorrect reading - high Cool down falsely indicated incomplete Safe Operational problem - could cause controls issues, wasted LN2

TE 7 Ar O2 filter internal temperature (hard wired interlock) Incorrect reading -low Interlock does not protect heater Safe If PLC controls fails, heater could overheat and damage filter material

TE 7 Ar O2 filter internal temperature ((hard wired interlock) Incorrect reading - high Filter regeneration heater prematurely shuts off Safe TE-54-Ar provides redundant instrumentation for PLC control

TE 23 Ar Luke pressure building heater internal temperature (read out) Incorrect reading -low PLC does not shut off heater Safe If hard wired interlock also fails, heater could overheat and damage silver 
soldered joints

TE 23 Ar Luke pressure building heater internal temperature (read out) Incorrect reading - high Pressure building heater prematurely shuts off Safe Operational problem - controls issue could arise

TE 24 Ar Luke pressure building heater internal temperature ((hard wired interlock) Incorrect reading -low Interlock does not protect heater Safe If PLC controls fails, heater could overheat and damage silver soldered 
joints

TE 24 Ar Luke pressure building heater internal temperature ((hard wired interlock) Incorrect reading - high Pressure building heater prematurely shuts off Safe Operational problem - controls issue could arise
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TE 25 Ar Bo pressure building heater internal temperature (read out) Incorrect reading -low Interlock does not protect heater Safe If PLC controls fails, heater could overheat and damage silver soldered 
joints

TE 25 Ar Bo pressure building heater internal temperature (read out) Incorrect reading - high Pressure building heater prematurely shuts off Safe Operational problem - controls issue could arise

TE 26 Ar Bo pressure building heater internal temperature ((hard wired interlock) Incorrect reading -low Interlock does not protect heater Safe If PLC controls fails, heater could overheat and damage silver soldered 
joints

TE 26 Ar Bo pressure building heater internal temperature ((hard wired interlock) Incorrect reading - high Pressure building heater prematurely shuts off Safe Operational problem - controls issue could arise

TE 54 Ar O2 filter internal temperature (control) Incorrect reading -low Filter regeneration temperature too high Safe If hardwired interlock also fails, heater could overheat and damage filter 
material

TE 54 Ar O2 filter internal temperature (control) Incorrect reading - high Filter regeneration temperature too low Safe Operational problem - poorly regenerated filter could result

TE 56 Ar O2 filter regeneration gas pre-heater temperature (control) Incorrect reading -low Filter regeneration gas temperature too high Safe If hardwired interlock also fails, heater could overheat

TE 56 Ar O2 filter regeneration gas pre-heater temperature (control) Incorrect reading - high Filter regeneration gas temperature too low Safe Operational problem - poorly regenerated filter could result

TE 57 Ar O2 filter regeneration gas pre-heater temperature ((hard wired interlock) Incorrect reading -low Interlock does not protect heater Safe If PLC controls fails, heater could overheat and damage filter material

TE 57 Ar O2 filter regeneration gas pre-heater temperature ((hard wired interlock) Incorrect reading - high Filter regeneration gas heater prematurely shuts 
off Safe TE-56-Ar provides redundant instrumentation for PLC control

TE 73 HAr Luke Vapor pump filter regeneration heater (control) Incorrect reading -low Filter regeneration temperature too high Safe If hardwired interlock also fails, heater could overheat and damage filter 
material

TE 73 HAr Luke Vapor pump filter regeneration heater (control) Incorrect reading - high Filter regeneration temperature too low Safe Operational problem - poorly regenerated filter could result

TE 74 HAr Luke Vapor pump filter regeneration heater (hard wired interlock) Incorrect reading -low Interlock does not protect heater Safe If PLC controls fails, heater could overheat and damage filter material

TE 74 HAr Luke Vapor pump filter regeneration heater (hard wired interlock) Incorrect reading - high Filter regeneration heater prematurely shuts off Safe TE-73-HAr provides redundant instrumentation for PLC control

TE 76 Ar Luke Vapor pump "cup" heater (control) Incorrect reading -low Vapor producing heater overheats Safe If hardwired interlock also fails, heater could overheat and damage silver 
soldered joints

TE 76 Ar Luke Vapor pump "cup" heater (control) Incorrect reading - high PLC prematurely shuts off heater Safe Operational problem - need properly functioning heater to make GAr to 
push LAr out of pump

TE 77 Ar Luke Vapor pump "cup" heater (hard wired interlock) Incorrect reading -low Interlock does not protect heater Safe If PLC controls fails, heater could overheat and damage silver soldered 
joints

TE 77 Ar Luke Vapor pump "cup" heater (hard wired interlock) Incorrect reading - high Heater prematurely shuts off Safe TE-76-HAr provides redundant instrumentation for PLC control

TE 81 HAr Luke Vapor pump filter bed (ID) Incorrect reading -low No Hazard Safe Operational problem - poorly regenerated filter could result

TE 81 HAr Luke Vapor pump filter bed (ID) Incorrect reading - high No Hazard Safe Operational problem - poorly regenerated filter could result

TE 82 HAr Luke Vapor pump filter bed (OD) Incorrect reading -low No Hazard Safe Operational problem - poorly regenerated filter could result

TE 82 HAr Luke Vapor pump filter bed (OD) Incorrect reading - high No Hazard Safe Operational problem - poorly regenerated filter could result

TE 83 HAr Luke Vapor pump filter bed (middle) Incorrect reading -low No Hazard Safe Operational problem - poorly regenerated filter could result

TE 83 HAr Luke Vapor pump filter bed (middle) Incorrect reading - high No Hazard Safe Operational problem - poorly regenerated filter could result

TE 214 Ar Molecular sieve regeneration temperature  (hard wired interlock) Incorrect reading -low No Hazard Safe If PLC controls fails, heater could overheat and damage filter material

TE 214 Ar Molecular sieve regeneration temperature (hard wired interlock) Incorrect reading - high Filter regeneration heater prematurely shuts off Safe TE-216-Ar provides redundant instrumentation for PLC control

TE 216 Ar Molecular sieve regeneration temperature (controls) Incorrect reading -low Filter regeneration temperature too high Safe If hardwired interlock also fails, heater could overheat and damage filter 
material

TE 216 Ar Molecular sieve regeneration temperature (controls) Incorrect reading - high Filter regeneration temperature too low Safe Operational problem - poorly regenerated filter could result

TE 324 Ar Material lock elevator temperature probe Incorrect reading -low No Hazard Safe Operational problem - wrong material test temperature

TE 324 Ar Material lock elevator temperature probe Incorrect reading - high No Hazard Safe Operational problem - wrong material test temperature

TE 410 Air PAB high bay ambient air temperature Incorrect reading -low No Hazard Safe Operational problem - wrong ambient temperature

TE 410 Air PAB high bay ambient air temperature Incorrect reading - high No Hazard Safe Operational problem - wrong ambient temperature

TE 411 CS Luke top flange temperature Incorrect reading -low No Hazard Safe Operational problem - wrong flange temperature

TE 411 CS Luke top flange temperature Incorrect reading - high No Hazard Safe Operational problem - wrong flange temperature
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 Component  FLARE Material Test Station________ 
 and TPC cryostat ___________________________ 
 Location  PAB _____________________________
 Date  4/10/08 ______________________________ 
 By  Terry Tope _____________________________ 
3.2 - WHAT-IF WORKSHEET 

 
WHAT-IF CONSEQUENCE/HAZARD CONCLUSION/RECOMMENDATIONS 
Loss of liquid nitrogen 
 
 
 

Argon boil off will vent thru vent valve or 
relief valve and cryostat pressure control is 
lost. 

Safe condition.  Operational impact only – need a 
closed system for material contamination tests. 

Loss of insulating vacuums 
 

System frosts over.  Higher heat load to 
LN2 and LAr circuits.  Potential for relief 
valves to open. 
 
May cause high consumption of liquid 
nitrogen. 

Safe condition. System is protected with relief 
valves that vent outdoors.  
 
 
Safe condition. Operational impact. 

Loss of instrumentation 
 

May cause system instability with respect to 
cryostat pressure control or regeneration 
heater control. 
 

Safe condition. Operational impact. 
 
 

Power outage occurs at PAB All control and instrumentation fails.   
 
 

Safe condition. Operational impact – Historical 
values no longer recorded, no pressure control, 
relief valves vent. 

Leaking stem packing on a cryo valve  Gas will vent into room. Safe condition (see ODH analysis). 
Transfer line inner lines rupture, weld 
cracks, or silver solder joint breaks 

Loss of insulating vacuum and 
pressurization of the vacuum space. 

Safe condition.  Gas will vent into room thru 
vacuum reliefs into room (see ODH analysis). 

Weld cracks, bellows break on the 
vacuum circuit. 
 

Air will fill the vacuum space, thus creating 
a higher heat load to the cryo circuits. 

Safe condition.  System is protected with relief 
valves.  May cause long cool down times for LN2 
circuit or zero delivery condition. 
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Liquid nitrogen dewar is pressurized to 
MAWP and all valves that would 
normally keep the transfer line 
connected to a vent are closed.   
 

Piping pressurized to dewar MAWP. 
 
 
 
 
 
High LN2 delivery pressure may make it 
hard to control pressure in Luke using the 
condenser. 

Safe condition.  MAWP = 75 psig for LN2 dewar.  
The sizing calculations for the dewar reliefs prove 
that this pressure cannot be exceeded.  All of the 
components of the transfer line have pressure 
ratings greater than 75 psig.   
 
Safe condition.  Operational problem. 

PLC failure 
 

Pressure control and heater control lost. Safe condition. Operational impact.  LAr will vent 
thru relief valves. 

A fire in PAB 
 

Fire detectors go into alarm.  Sprinklers 
open in high bay. Fire Department 
dispatched. 
 
Likely equipment damage.   
 
Fire or water from sprinklers could cause 
significant damage to controls hardware, 
wiring, and instrumentation.   
 
 
Superinsulation on piping and vessels could 
be damaged.  
 
 
Heat input into cryogenic liquids builds 
pressure in piping and cryostat.   
 
 
Insulating vacuums may spoil if o-rings are 
subjected to intense heat.   
 

 
 
 
 
 
 
Safe condition.  Operational problem - Control 
system not required for system safety but required 
for operation.   
 
 
Safe condition.  Operational problem - Heat leaks 
during normal operation would be unacceptable if 
radiation blankets are damaged. 
 
Safe condition.  Pressure vessels and piping 
protected by relief valves (see relief calculations 
and FMEA).  Relief valves vent outside.   
 
Safe condition.  System is protected with relief 
valves that vent outdoors. Operational problem - 
Heat leaks during normal operation would be 
unacceptable if insulating vacuums are spoiled. 
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3.5a1 - ODH Analysis of the Proton Assembly Building for the FLARE 
Materials Test Station and TPC Cryostats 
 
 
Introduction 
 
The Liquid Argon TPC R&D effort also known as FLARE has fabricated a 
cryogenic system inside the Proton Assembly Building (PAB).  The system is 
designed to quantify the contamination effect of various materials on ultra high 
purity liquid argon and test a small TPC wire chamber.   
 
In addition to the Liquid Argon TPC R&D efforts at PAB (“Bo” and “Luke”), 
a third liquid argon cryostat known as T962 will be present at PAB for a few 
months of commissioning this summer before it is moved into the MINOS 
Hall.   
 
The cryogenic safety documentation for T962 can be found at the following 
location: 
 
http://projects-docdb.fnal.gov/cgi-bin/ShowDocument?docid=287 
 
The ODH analysis for T962 combines the fatality rate of 4.57 x 10-9 fatalities per 
hour computed in this document with its own contributions to reach an overall 
fatality rate of 8.90 x 10-9 fatalities per hour for the PAB high bay area.   Thus the 
PAB high bay area remains ODH class zero with the addition of the T962 
cryostat. 
 
The T962 ODH analysis can be found here: 
 
http://projects-docdb.fnal.gov/cgi-
bin/RetrieveFile?docid=287&version=7&filename=t962-pab-odh.pdf 
 
Description of the System 
 
The cryogenic system contains both liquid nitrogen and liquid argon. Liquid 
nitrogen is supplied by an 1875 gallon dewar located outside PAB.  The liquid 
nitrogen flows into PAB thru a half inch stainless steel tube that is vacuum 
jacketed by 1.5 inch SCH 10 pipe stainless steel pipe.  The liquid nitrogen is 
used in a condenser that liquefies argon boil off so that the argon cryostat can 
remain a closed system.  The nitrogen gas is then vented outdoors after passing 
thru a heat exchanger.  The nitrogen circuit also contains a cool down solenoid 
valve which directs the nitrogen flow directly thru the heat exchanger and then 
outside.  Nitrogen circuit trapped volume reliefs vent outside PAB.   
 
Liquid argon is supplied by up to four 160 liter high pressure (350 psig relief 
setpoint) dewars that are supplied by the Fermilab stock room.  These dewars 
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are used to fill two 250 liter cryostats. The cryostat known as “Luke” contains the 
materials test station while the cryostat known as “Bo” contains the TPC wire 
chamber.  Typically four dewars would not be required to fill one cryostat.  But 
there are significant losses due to flashing and system cool down.  It has also 
been our experience that it is difficult to obtain completely full dewars from the 
stock room.  Operational experience with “Luke” indicates that 3 dewars are 
required to fill one cryostat.  The fourth argon spigot has been replaced by a 
pressure indicator.  However, the ODH analysis assumes 4 supply dewars are 
connected.  The argon dewars are plumbed to a manifold to create a common 
argon source.  The argon flows thru a series of valves and filters before it 
reaches the cryostat.  All relief devices on the argon circuit are vented outdoors 
except for the cryostat rupture disk which is a secondary relief device. 
 
Quantity of Cryogens, Building Volume, and Minimum Oxygen 
Concentrations 
 
The PAB high bay has a volume of 138,425 cubic feet.  The amount of warm gas 
contained in the 1875 gallon liquid nitrogen dewar is calculated as follows: 
 

! 

1,875gal "
ft
3

7.481gal
"
50.4lb

ft
3

"
ft
3

0.07247lb
=174,307 ft

3 where 50.4 lb/ft3 is the density  

 
of liquid nitrogen and 0.07247 lb/ft3 is the density of nitrogen gas at standard 
conditions. 
 
Thus there is enough nitrogen contained in the supply dewar to fully inert the 
PAB high bay enclosure.   
 
The equivalent amount of warm argon gas contained in four stock room dewars  
 

is 

! 

4 "160liters"
ft
3

28.32liters
"
87lb

ft
3
"

ft
3

0.1034lb
=19,015 ft

3.   

 
The equivalent amount of warm argon gas in the 250 liter cryostat is  
 

! 

250liters"
ft
3

28.32liters
"
87lb

ft
3
"

ft
3

0.1034lb
= 7,428 ft

3 . 

 
 
If the four stockroom dewars are instantly vented into PAB, the minimum O2 
concentration reached is 
 

! 

138,425 ftair
3
"19,015 ftargon

3
=119,410 ftair

3  
 

! 

119,410 ftair
3
" 0.21= 25,076 ftoxygen

3  
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! 

25,076 ftoxygen
3

138,425 ftair
3

"100 =18.1%oxygen . 

 
If the four stockroom dewars are instantly vented into PAB along with the two 250 
liter cryostats, the minimum O2 concentration reached is 
 

! 

138,425 ftair
3
" 19,015 ftargon

3 + 2 # 7,428 ftargon
3( ) =104,554 ftair

3  
 

! 

104,554 ftair
3
" 0.21= 21,956 ftoxygen

3  
 

! 

21,956 ftoxygen
3

138,425 ftair
3
"100 =15.9%oxygen . 

 
Argon is heavier than air so it cannot be assumed to perfectly mix with air to 
create the above minimum oxygen concentrations. 
 
The PAB high bay floor is about 100 feet by 49 feet.  If the argon is assumed to 
spread out across the floor and remain separate from the air, the thickness of the 
stratified argon layer for four stock room dewars instantly dumped into the room 
is 
 

! 

19,015 ft
3

100 ft " 49 ft
= 3.9 ft .   

 
If the two 250 liter cryostats are dumped into the room along with the four stock 
room dewars the argon layer depth is  
 

! 

19,015 ft
3

+ 2 " 7,428 ft
3

100 ft " 49 ft
= 6.9 ft . 

 
To keep the analysis simple, it is assumed that the entire liquid argon inventory is 
vented during an ODH event.   
 
Ventilation System and ODH monitors 
 
PAB is equipped with 3 ceiling exhaust fans.  FESS has determined the capacity 
of each fan to be at least 2000 SCFM Air.  All three ceiling fans will turn on in the 
event of an ODH alarm.  They are also wired in a manner that allows each fan to 
be turned on manually.  In addition to the ceiling fans, a dedicated ODH fan has 
been installed in the cryogenic area.  This fan pulls the cold dense gas from the 
floor and pushes it thru a duct which exhausts outside PAB.  Together all four 
fans yield a volume change in the high bay area every 17 minutes.  Only the 
dedicated ODH fan is included in the ODH analysis.  At the end of this section 
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the details of the dedicated ODH fan and ODH hardware layout are documented. 
Figure 3.5a.1 shows the locations of ODH heads, horns, and fans. 
 
 
ODH Event Leak rates for Nitrogen Circuit 
 
Severed Line 
 
Several leak rates are postulated for the nitrogen circuit.  The most severe of 
these considers the liquid nitrogen supply line to be severed just inside PAB.  
The flow rate at this point is then a function of the resistance offered by the piping 
outside PAB and the pressure of the dewar.  The dewar pressure is taken to be 
the maximum allowable pressure under fire conditions which is 121% of the 
dewar MAWP of 75 psig or  
 

! 

1.21 75 +15( ) "15 = 93.9psig. 
 
The flow rate thru the LN2 piping outside PAB is calculated using the following 
equation from Crane’s Technical Paper 410 for discharge of liquid 
 

! 

W =1891d
2 "P#

K
 

 
where 
 
W =   rate of liquid nitrogen flow in pounds per hour. 
 
d =   internal diameter of pipe, = 0.5 – 2 x 0.035 = 0.43 inches. 
 
ΔP =   differential pressure, 93.9 psi. 
 
ρ =   density of liquid nitrogen saturated at 93.9 psig, 43.19 lb/ft3. 
 
K =   resistance coefficient, sum of Kpipe + Kelbow + Kvalve + Kexit 
 

Kpipe =  resistance of straight pipe outside PAB, 

! 

Kpipe = f
L

D
 where 

 
f =  friction factor determined from pipe size and Reynolds number, = 

0.029 (page A-25 of Crane 410) 
 
L =   length of pipe outside PAB, 227 inches. 
 
D =   internal diameter of pipe, 0.43 inches. 
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Kelbow =  resistance of a standard elbow which = 30 x fT where fT is the 
friction factor in the zone of complete turbulence for 0.43 inch 
internal diameter pipe which is 0.029.  Piping outside PAB has 2 
elbows.  

 
Kexit =   resistance of a sharp edged pipe exit for the severed pipe, = 1.0 
 
Kvalve =  resistance of the Cryolab isolation valve at the dewar exit,  
 

! 

K
valve

=
894d

4

C
v

2
 where 

 
Cv =  flow coefficient for valve, Cv = 12 for Cryolab valve 
 
Re =  Reynolds number, ratio of inertial and viscous forces 
 

 

! 

R
e

= 6.31
W

dµ
 where 

 
µ =  absolute viscosity of LN2 saturated at 93.9 psig, = 0.088 centipoise 
 
The above equations yield 
 

! 

K = 0.029
227

0.43
+ 2 " 30 " 0.029 +

894 0.43( )
4

12
2

+1.0 =18.26  

 

! 

R
e

= 6.31
4889

0.43( )0.088
= 815264  

 

! 

W =1891 0.43( )
2 93.9 43.19( )

18.26
= 5211

lb

hr
 which converts to SCFM in the following 

manner 
 

! 

5211
lb

hr
"

ft
3

0.07247lb
"

hr

60min
=1198

ft
3

min
. 

 
Thus the maximum flow the liquid nitrogen dewar can supply into PAB is 
equivalent to 1198 SCFM of nitrogen gas.   
 
Valve and Instrument Leakage 
 
For leakage from valves and instruments on the LN2 supply line, the leak was 
modeled as an orifice whose diameter is 25% of the pipe diameter.  It is unlikely 
that valve bodies or instruments will fail in a manner that completely opens up the 
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supply piping.  Before use, all piping will be pressure tested and helium leak 
checked. 
 
The leak rate is calculated using the following equation from Crane Technical 
Paper 410 for liquid flow thru nozzles and orifices 
 

! 

W =1891d
1

2
C "P#  where 

 
all variables except C and d1 are previously defined. 
 
d1 = orifice diameter, 25% of 0.5 inch nominal tube diameter = 0.125 inch. 
 
C = flow coefficient for nozzles and orifices (Crane 410 Page A-20), = 0.60 for 
this case. 
 
The maximum flow of nitrogen thru such a leak is  
 

! 

W =1891 0.1252( )0.60 93.9( )43.19 =1129
lb

hr
 which converts to 

 

! 

1129
lb

hr
"

ft
3

0.07247lb
"

hr

60min
= 260

ft
3

min
 of warm atmospheric N2 gas.   

 
The factor C was found from the plot on page A-20 using 
 

! 

R
e

= 6.31
1129

0.125( )0.088
= 647635  and 

! 

" =
d
1

d
2

=
0.125

0.43
= 0.29  where d2 is the actual ID  

 
of the LN2 supply pipe. 
 
Thus on the liquid nitrogen supply line, the leak rate for components is estimated 
as 260 SCFM which is 23% of the total mass flow available inside PAB. 
 
ODH Event Leak rates for Argon Circuit 
 
Severed Line 
 
The four argon supply dewars are each equipped with a liquid isolation valve with 
a Cv of 1.08.  Thus the worst case leak is a severed line just after all four dewars 
are tied together.  From Crane 410, the flow rate out of one dewar can be 
calculated as  
 
 

! 

Q = C
v
"P

62.4

#
  where 
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Q =   rate of liquid argon flow in gallons per minute. 
 
Cv =  flow coefficient for valve, Cv = 1.08 for dewar liquid isolation valve 

according to Airgas. 
 
ΔP =  differential pressure, 350 psi based on stockroom supplied high 

pressure liquid argon dewars with reliefs set at 350 psig. 
 
ρ =   density of liquid argon saturated at 350 psig, 63.37 lb/ft3. 
 
The maximum liquid flowrate out of one stock room dewar is found to be 
 

! 

Q =1.08 350
62.4

63.37
= 20.05

gal

min
 which converts to  

 

! 

20.05
gal

min
"

1 ft
3

7.48gal
"
63.37lb

ft
3

"
ft
3

0.1034lb
=1643

ft
3

min
 where 0.1034 lb/ft3 is the  

 
density of argon gas at standard conditions.  Thus four dewars could  
 
supply 6572 SFCM of warm argon gas.  This is conservative because the hoses 
and tubing connecting the four dewars would provide additional restriction that 
would lower this flow rate. 
 
LAr Supply Dewar Relief Valves 
 
The relief valves on the LAr supply dewars could prematurely open.  The typical 
relief valve on the Airgas supplied dewars is a Generant LCV-250B-K-350 which 
according to the manufacturer has a maximum flow of 81.4 SCFM Nitrogen at 
120% of its 350 psig set point.  This converts to lb/hr as 
 

! 

81.4 ft
3

min
"
60min

hr
"
0.07247lb

ft
3

= 354
lb

hr
. 

 
This can be converted to SCFM argon using the method outlined in ASME 
Section VIII Appendix 11 Division 1 entitled “Capacity Conversions for Safety 
Relief Valves.” 
 
For any gas or vapor,  
 

! 

W = CKAP
M

T
 where 
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W =  rated capacity in lb/hr, 354 lb/hr for nitrogen, argon value to be 
solved for. 

 
C =  constant for gas or vapor which is a function of the ratio of specific 

heats, C = 356 for nitrogen and 378 for argon. 
 
KAP =  constant for the relief valve. 
 
M =  molecular weight, 28.02 for nitrogen and 39.9 for argon. 
 
T =   absolute temperature in Rankin, choose 530 oR. 
 
For the nitrogen rating, 
 

! 

KAP =
W

C
M

T

=
354

356
28.02

530

= 4.325 . 

 
The argon mass flow rate is then  
 

! 

W = 356( ) 4.325( )
39.9

530
= 422.5

lb

hr
 which converts to  

 

! 

422.5
lb

hr
"

ft
3

0.1034lb
"

hr

60min
= 68.1

ft
3

min
.  Thus the maximum rate at which the  

 
supply dewar can relieve itself is 68.1 SCFM. 
 
 
MV-204-Ar, MV-218-Ar, MV-365-V, and MV-366-V 
 
MV-204-Ar is an isolation valve where a vacuum pump can be connected to 
pump out the argon source manifold.  If this valve with a Cv of 1.2 is left wide 
open while the circuit is pressurized, the leak rate is found to be 
 

! 

Q = Cv "P
62.4

#
=1.20 350

62.4

63.37
= 22.28

gal

min
 .  This converts to a warm argon gas  

 

flow rate of 

! 

22.28
gal

min
"

1 ft
3

7.48gal
"
63.37lb

ft
3

"
ft
3

0.1034lb
=1825

ft
3

min
.    This leak rate is  

 
also used for MV-218-Ar, MV-365-V, and MV-366-V which are identical to MV-
204-Ar and is conservative because these three valves are separated from the 
argon source by significant piping restrictions. 
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Valve and Instrument Leakage for Components Upstream of the Cryostat 
 
For leakage from valves and instruments on the LAr transfer line, the leak is 
modeled as an orifice whose diameter is 0.125 inches which is 33% of the 
nominal 3/8 inch tube diameter used to construct most of the LAr piping.  It is 
unlikely that valve bodies or instruments will fail in a manner that completely 
opens up the supply piping.  Most valves on the argon circuit are high quality 
stainless steel construction with metal bellows seal to atmosphere.   
 
The leak rate is calculated using the following equation from Crane Technical 
Paper 410 for liquid flow thru nozzles and orifices 
 

! 

W =1891d
1

2
C "P#  where 

 
d1 = orifice diameter, 33% of 0.375 inch nominal tube diameter = 0.125 inch. 
 
C = flow coefficient for nozzles and orifices (Page A-20 from Crane 410), = 

0.60 for this case. 
 
µ =  absolute viscosity of liquid argon saturated at 350 psig, 0.0751 centipoise. 
 
The maximum flow of argon thru such a leak is  
 

! 

W =1891 0.1252( )0.61 350( )63.37 = 2684
lb

hr
 which converts to 

 

! 

2684
lb

hr
"

ft
3

0.1034lb
"

hr

60min
= 433

ft
3

min
 of warm atmospheric argon gas.   

 
The factor C was found from the plot on Crane 410 page A-20 using 
 

! 

R
e

= 6.31
2684

0.125( )0.0751
=1804105  and 

! 

" =
d
1

d
2

=
0.125

0.305
= 0.41 where d2 is the actual  

 
ID of the LAr supply pipe (3/8 inch OD – 2 x 0.035 inch wall = 0.305 inch). 
 
Thus on the liquid argon transfer line, the leak rate for components upstream of 
the cryostat is estimated as 433 SCFM. 
 
Valve and Instrument Leakage for Components Attached to the Cryostat 
 
From the relief valve calculations, the maximum mass flow rate into the cryostat 
was found to be 1437 pounds per hour.  This equates to warm argon gas 
flowrate of 232 SCFM using the following conversion 
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! 

1437
lb

hr
"

ft
3

0.1034lb
"

hr

60min
= 232

ft
3

min
.  This value was used as the leak rate for all  

 
components attached to the cryostat. 
 
ODH Risk Assessment 
 
As explained in Section 5064 of Fermilab’s ES&H Manual, the ODH classification 
of an enclosure is determined by calculating the ODH fatality rate, φ.  It is defined 
as: 
 

! 

" = P
i
F
i

i=1

n

#  where 

 
Pi = the expected rate of the ith failure per hour 
 
Fi = the fatality factor for the ith event. 
 
The summation is taken over all events, which may cause oxygen deficiency and 
result in fatality.  Fatality factors are calculated based on the maximum spill rate, 
the rate of ventilation, and the size of the PAB enclosure.  Events that could 
potentially lead to an ODH condition were identified and tabulated for the PAB 
high bay area in the tables at the end of this section.  A single event probability 
was estimated in most cases using Table 2 “NRC Equipment Failure Rate” on 
page 5064TA-4 of Fermilab’s ES&H Manual.  In some cases, a failure probability 
was based on Fermilab experience since an applicable number was not readily 
available in the NRC table.  Based on the number of components present in the 
PAB enclosure, a total event probability was calculated.  The lowest oxygen 
concentration (as time approaches infinity) was computed by applying equation 4 
on page 5064TA-8 of Fermilab’s ES&H Manual: 
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 as t67  where 

 
R = spill rate into enclosure, SCFM. 
 
Q = enclosure ventilation rate, CFM. 
 
This equation assumes complete mixing of the gases with the ventilation fans 
drawing contaminated atmosphere from the confined volume.  A fatality factor 
was then determined from Figure 1 on page 5064TA-2 of Fermilab’s ES&H 
Manual.  By multiplying this fatality factor by the total event probability, an ODH 
rate in fatalities/hour was calculated.  The sum of all the ODH rates gives the 
total ODH rate for the enclosure.  
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This ODH analysis relies on the use of mechanical ventilation to remove the inert 
gas from PAB.  Although this ventilation reduces the overall ODH risk, it is also 
subject to failure.  Therefore, the probability that these failures will occur and 
compromise the ventilation system needs to be factored into the overall risk 
assessment.  There are two main areas of concern.  One is the failure of a 
ventilation fan motor to turn on or the fan louvers to open.  The second is an 
unplanned electrical power outage during cryogenic operation.  The total 
probability of any one of these events occurring is simply the sum of their 
probabilities.  The ODH rate calculation table includes two cases.  The first case 
is for the ventilation system running.  The second case considers the loss of the 
ventilation system.  In that case the failure rate of the forced ventilation is 
factored into the calculation.  The probability of a component event failure and a 
ventilation failure occurring is the product of their failure probabilities since they 
are independent events. 
 
The probability of ventilation failure was determined as follows.  The probability of 
a power outage is 1 x 10-4 / hr based on Fermilab equipment failure rates.   The 
probability of an electric motor not starting is 3 x 10-4 / D based on NRC data.  To 
be conservative, the demand (D) is taken to be once an hour such that D = 1.  
This probability is used for both the fan motor starting and the actuated louvers 
opening.  Thus the probability of a ventilation failure is 1 x 10-4 + 2 x 3 x 10-4 = 7 x 
10-4 / hr.  This value is used in the table that considers a ventilation failure.  The 
fan availability rate is then 1 – 7 x 10-4 or 0.9993.  This value is used in the table 
that considers the ventilation to be running.   
 
The probability of a valve such as MV-204-Ar being left wide open was taken to 
be (0.1 / D) which is much greater than the value of (3 x 10-3 / D) described as a 
general human error of commission in Table 3 of FESHM 5064TA.  If the valve is 
assumed to be cycled once per day, then the probability of an error is (0.1 / D) x 
(D / hr) = (0.1 / 1) x (1/24 hr) = 4.17 x 10-3 per hour.   
 
The probability of the operator ignoring high pressure liquid or gas audibly 
venting into the room is also taken to be (0.1 / D).  If the valve is again assumed 
to be cycled once per day, the probability of the operator ignoring the error is 
4.17 x 10-3 per hour. 
 
These two tasks are independent events such that the total probability of a valve 
staying in the wide open position and its venting into the room being ignored is 
the product of the two task probabilities or 4.17 x 10-3 x 4.17 x 10-3 = 1.74 x 10-5 
per hour. 
 
ODH Results 
 
Table 1 finds the ODH fatality rate to be 1.19 x 10-9 which is less than 10-7 such 
that with ventilation running the PAB high bay enclosure is ODH class zero. 
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Table 2 finds the ODH fatality rate to be 4.57 x 10-9 which is less than 10-7 such 
that when ventilation failure is considered the PAB high bay enclosure is ODH 
class zero. 
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ODH Hardware Layout and Dedicated ODH Fan Details 
 
Figure 3.5a.1 shows the ODH hardware layout for PAB.  Four ODH heads 
mounted 6 inches from the floor surround the cryogenic area.  One alarm horn is 
mounted inside the high bay area.  The second alarm horn is mounted in the 
room adjacent to the high bay.   
 
The dedicated ODH fan is a GreenHeck SWB backward inclined centrifugal utility 
fan rated at 2000 SCFM air at 4 inches of water static pressure.  The fan pushes 
the cold vapor from a spill thru a duct that includes two elbows, a 15 foot vertical 
rise, a damper, and two enlargements.   
 
To verify the fan installation is adequate, the pressure drop thru the duct is 
estimated. 
 
Equation 3-20 shown below from Crane Technical Paper 410 was used to 
calculate the pressure drop due to the flow of gas thru the duct 
 

! 

W =1891Yd
2 "P

KV 
1

#"P =
W

1891Yd
2

$ 

% 
& 

' 

( 
) 

2

KV 
1
 

 
where  
 
W = rate of flow in lbs per hour.  ODH analysis is based on a 2000 SCFM 

flow of either nitrogen or argon.  The nitrogen mass flow rate is then  
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Y  = net expansion factor for compressible flow, 1.0 for the small pressure 

drops in this duct flow analysis. 
 
d = internal diameter of duct, inches.  Duct is square, so an equivalent 

diameter is calculated as 
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cross sectional flow area

wetted perimeter
= 4

13" 20

13" 2 + 20 " 2
=15.76 in. 
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! 

V 
1
 = specific volume of fluid, 2.774 ft3/lb for saturated argon vapor, 9.673 

ft3/lb for argon gas at STP, 3.465 ft3/lb for saturated nitrogen vapor, 
and 13.8 ft3/lb for nitrogen gas at STP. 

 
ΔP = pressure drop in psi, converted to inches of water for comparison. 
 
K = total resistance coefficient, sum of Kelbow, Kenlarge1, Kenlarge2, Kstraight,  

Kentrance, and Kexit. 
 
Kelbow = 30 x fT where fT is the friction factor in the zone of complete 

turbulence, 0.0132 for the ~16 inch equivalent duct diameter. 
 
Kenlarge1 = resistance of enlargement from 9.625 x 13 inch fan outlet to 13 x 20 

inch duct, 1.0 to be conservative. 
 
Kenlarge2 = resistance of enlargement from 13 x 20 duct to 20 x 20 inch duct, 1.0 

to be conservative. 
 
Kstraight = resistance to flow thru straight pipe, Kstraight = f x L / d where f is the 

friction factor based on Reynolds # and L is the length of the straight 
section which is 15 feet x 12 inches per ft. = 180 inches.   

 
Kentrance = resistance due to entrance into duct, 0.78. 
 
Kexit = resistance due to exit from duct, 1.0. 
 

Re = Reynolds number, 

! 

Re = 6.31
W

dµ
 (ratio of inertial to viscous forces). 

 
µ = dynamic viscosity, 0.007029 centipoise for saturated argon vapor, 

0.02246 centipoise for argon gas at STP, 0.005373 centipoise for 
saturated nitrogen vapor, and 0.01769 centipoise for nitrogen gas at 
STP. 

 
The static head loss is calculated from the specific volume of the gas and the 
height of the duct as shown below 
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For saturated argon vapor, the static head is found to be 
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The louver pressure drop was provided by the vendor for a 2000 SCFM air flow.   
It would be slightly more for the warm argon flow and less for the cold gas flows.  
For the warm argon gas flow, the louver pressure drop is adjusted upward by the 
ratio of the warm argon to nitrogen flowing pressure drops, 0.887 / 0.622 = 1.43.   
 
Table 3.5a.3 provides estimates of pressure drop for the various cases.  The fan 
rating of 2000 SCFM at 4 inches of H2O is more than adequate to handle the flow 
rates considered in the ODH analysis. 
 
 
Table 3.5a.3:  Pressure drop for both warm and cold gas flow thru the ODH duct. 

 Re f K 
Flowing 
ΔP  

in. H2O 

Static 
Head ΔP 
in. H2O 

Louver 
ΔP  

in. H2O 

Total ΔP  
in. H2O 

Warm N2 196,815 0.016 4.742 0.622 0.209 0.12 0.950 
Cold N2 648,150 0.014 4.72 0.155 0.832 <0.12 1.107 
Warm Ar 221,181 0.016 4.743 0.887 0.298 ~0.17 1.355 
Cold Ar 706,870 0.014 4.72 0.253 1.039 <0.12 1.412 
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Table 3.5a.1:  PAB ODH Risk Analysis with ventilation running. Pi Group Exhaust fan R Q O2 Fi ϕ=∑PiFi
Fail Rate Source of Fail Rate (Pi x #) Availability leak rate vent rate Concentration Fatality Factor ODH Rate

ITEM Comment Type of Failure # of Items events/hr Fail Rate events/hr events/hr SCFM SCFM % fatality/event fatality/hr
Nitrogen circuit
LN2 supply piping < 3" diameter, max flow into PAB Rupture - severed line 1 1.00E-09 NRC 1.00E-09 0.9993 1198 2000 8.42 1.00E+00 9.99E-10

Condensor Treat as dewar, 25% pipe diameter Leak/rupture 1 1.00E-06 FNAL 1.00E-06 0.9993 260 2000 18.27 3.95E-08 3.95E-14
EV-104-N2 Max flow thru 25% pipe diameter Leak/rupture 1 1.00E-08 NRC 1.00E-08 0.9993 260 2000 18.27 3.95E-08 3.95E-16
EV-105-N2 Max flow thru 25% pipe diameter Leak/rupture 1 1.00E-08 NRC 1.00E-08 0.9993 260 2000 18.27 3.95E-08 3.95E-16
EV-106-N2 Max flow thru 25% pipe diameter Leak/rupture 1 1.00E-08 NRC 1.00E-08 0.9993 260 2000 18.27 3.95E-08 3.95E-16
LT-10-N2 Treat as flange, max flow thru 25% pipe diameter Leak/rupture 1 3.00E-07 NRC 3.00E-07 0.9993 260 2000 18.27 3.95E-08 1.18E-14
MV-119-N Max flow thru 25% pipe diameter Leak/rupture 1 1.00E-08 NRC 1.00E-08 0.9993 260 2000 18.27 3.95E-08 3.95E-16
MV-120-N Max flow thru 25% pipe diameter Leak/rupture 1 1.00E-08 NRC 1.00E-08 0.9993 260 2000 18.27 3.95E-08 3.95E-16
PI-44-N2 Treat as flange, max flow thru 25% pipe diameter Leak/rupture 1 3.00E-07 NRC 3.00E-07 0.9993 260 2000 18.27 3.95E-08 1.18E-14
PI-133-N2 Treat as flange, max flow thru 25% pipe diameter Leak/rupture 1 3.00E-07 NRC 3.00E-07 0.9993 260 2000 18.27 3.95E-08 1.18E-14
PT-1-N2 Treat as flange, max flow thru 25% pipe diameter Leak/rupture 1 3.00E-07 NRC 3.00E-07 0.9993 260 2000 18.27 3.95E-08 1.18E-14
PT-27-N2 Treat as flange, max flow thru 25% pipe diameter Leak/rupture 1 3.00E-07 NRC 3.00E-07 0.9993 260 2000 18.27 3.95E-08 1.18E-14

PSV-101-N2 Max flow thru 25% pipe diameter Leak/rupture 1 1.00E-08 NRC 1.00E-08 0.9993 260 2000 18.27 3.95E-08 3.95E-16
PSV-101-N2 Max flow thru 25% pipe diameter Leak/rupture 1 1.00E-08 NRC 1.00E-08 0.9993 260 2000 18.27 3.95E-08 3.95E-16
PSV-101-N2 Max flow thru 25% pipe diameter Leak/rupture 1 1.00E-08 NRC 1.00E-08 0.9993 260 2000 18.27 3.95E-08 3.95E-16

TE-6-N2 Treat as flange, max flow thru 25% pipe diameter Leak/rupture 1 3.00E-07 NRC 3.00E-07 0.9993 260 2000 18.27 3.95E-08 1.18E-14
SV-117-N2 Max flow thru 25% pipe diameter Leak/rupture 1 1.00E-08 NRC 1.00E-08 0.9993 260 2000 18.27 3.95E-08 3.95E-16

Welds Max flow thru 25% pipe diameter Leak/rupture 50 3.00E-09 NRC 1.50E-07 0.9993 260 2000 18.27 3.95E-08 5.92E-15
Flanges Max flow thru 25% pipe diameter Leak/rupture 10 3.00E-07 NRC 3.00E-06 0.9993 260 2000 18.27 3.95E-08 1.18E-13

LN2 vent piping Max flow thru 25% pipe diameter Leak/rupture 1 1.00E-09 NRC 1.00E-09 0.9993 260 2000 18.27 3.95E-08 3.95E-17
PCV-388-N2 Max flow thru 25% pipe diameter Leak/rupture 1 1.00E-08 NRC 1.00E-08 0.9993 260 2000 18.27 3.95E-08 3.95E-16
PSV-389-N2 Max flow thru 25% pipe diameter Leak/rupture 1 1.00E-08 NRC 1.00E-08 0.9993 260 2000 18.27 3.95E-08 3.95E-16
MV-375-N2 Max flow thru 25% pipe diameter Leak/rupture 1 1.00E-08 NRC 1.00E-08 0.9993 260 2000 18.27 3.95E-08 3.95E-16

Argon Circuit
LAr supply piping < 3" diameter, max flow into PAB Rupture - severed line 1 1.00E-09 NRC 1.00E-09 0.9993 6572 2000 15.9 2.51E-06 2.51E-15 *

LAr supply dewar reliefs Max flow thru relief valve Premature open 4 1.00E-05 NRC 4.00E-05 0.9993 68.1 2000 20.28 1.16E-09 4.63E-14
PSV-203-Ar Max flow thru 25% pipe diameter Leak/rupture 1 1.00E-08 NRC 1.00E-08 0.9993 433 2000 16.45 9.53E-07 9.52E-15
MV-204-Ar Max flow thru valve (Cv = 1.2) Valve left wide open 1 1.74E-05 33 x 5064 TBL 3 1.74E-05 0.9993 1825 2000 15.90 2.51E-06 4.37E-11 *
MV-204-Ar Max flow thru 25% pipe diameter Leak/rupture 1 1.00E-08 NRC 1.00E-08 0.9993 433 2000 16.45 9.53E-07 9.52E-15
MV-213-Ar Max flow thru 25% pipe diameter Leak/rupture 1 1.00E-08 NRC 1.00E-08 0.9993 433 2000 16.45 9.53E-07 9.52E-15
MV-218-Ar Max flow thru valve (Cv = 1.2) Valve left wide open 1 1.74E-05 33 x 5064 TBL 3 1.74E-05 0.9993 1825 2000 15.90 2.51E-06 4.37E-11 *
MV-218-Ar Max flow thru 25% pipe diameter Leak/rupture 1 1.00E-08 NRC 1.00E-08 0.9993 433 2000 16.45 9.53E-07 9.52E-15
PSV-219-Ar Max flow thru 25% pipe diameter Leak/rupture 1 1.00E-08 NRC 1.00E-08 0.9993 433 2000 16.45 9.53E-07 9.52E-15
MV-217-Ar Max flow thru 25% pipe diameter Leak/rupture 1 1.00E-08 NRC 1.00E-08 0.9993 433 2000 16.45 9.53E-07 9.52E-15
MV-365-V Max flow thru 25% pipe diameter Leak/rupture 1 1.00E-08 NRC 1.00E-08 0.9993 433 2000 16.45 9.53E-07 9.52E-15
MV-366-V Max flow thru 25% pipe diameter Leak/rupture 1 1.00E-08 NRC 1.00E-08 0.9993 433 2000 16.45 9.53E-07 9.52E-15
MV-365-V Max flow thru valve (Cv = 1.2) Valve left wide open 1 1.74E-05 33 x 5064 TBL 3 1.74E-05 0.9993 1825 2000 15.90 2.51E-06 4.37E-11 *
MV-366-V Max flow thru valve (Cv = 1.2) Valve left wide open 1 1.74E-05 33 x 5064 TBL 3 1.74E-05 0.9993 1825 2000 15.90 2.51E-06 4.37E-11 *

MV-480-HAr Max flow thru 25% pipe diameter Leak/rupture 1 1.00E-08 NRC 1.00E-08 0.9993 433 2000 16.45 9.53E-07 9.52E-15
MV-461-HAr Max flow thru 25% pipe diameter Leak/rupture 1 1.00E-08 NRC 1.00E-08 0.9993 433 2000 16.45 9.53E-07 9.52E-15
PSV-250-Ar Max flow thru 25% pipe diameter Leak/rupture 1 1.00E-08 NRC 1.00E-08 0.9993 433 2000 16.45 9.53E-07 9.52E-15
PSV-249-Ar Max flow thru 25% pipe diameter Leak/rupture 1 1.00E-08 NRC 1.00E-08 0.9993 433 2000 16.45 9.53E-07 9.52E-15
MV-202-Ar Max flow thru 25% pipe diameter Leak/rupture 1 1.00E-08 NRC 1.00E-08 0.9993 433 2000 16.45 9.53E-07 9.52E-15
MV-208-Ar Max flow thru 25% pipe diameter Leak/rupture 1 1.00E-08 NRC 1.00E-08 0.9993 433 2000 16.45 9.53E-07 9.52E-15
MV-239-Ar Max flow thru 25% pipe diameter Leak/rupture 1 1.00E-08 NRC 1.00E-08 0.9993 433 2000 16.45 9.53E-07 9.52E-15
MV-244-Ar Max flow thru 25% pipe diameter Leak/rupture 1 1.00E-08 NRC 1.00E-08 0.9993 433 2000 16.45 9.53E-07 9.52E-15
MV-370-Ar Max flow thru 25% pipe diameter Leak/rupture 1 1.00E-08 NRC 1.00E-08 0.9993 433 2000 16.45 9.53E-07 9.52E-15
LT-13-Ar Treat as flange, max flow into cryostat Leak/rupture 1 3.00E-07 NRC 3.00E-07 0.9993 232 2000 18.56 2.36E-08 7.07E-15
MV-360-V Max flow into cryostat Leak/rupture 1 1.00E-08 NRC 1.00E-08 0.9993 232 2000 18.56 2.36E-08 2.36E-16
MV-360-V Max flow into cryostat Valve left wide open 1 1.74E-05 33 x 5064 TBL 3 1.74E-05 0.9993 232 2000 18.56 2.36E-08 4.10E-13
MV-241-Ar Max flow into cryostat Leak/rupture 1 1.00E-08 NRC 1.00E-08 0.9993 232 2000 18.56 2.36E-08 2.36E-16
MV-247-Ar Max flow into cryostat Leak/rupture 1 1.00E-08 NRC 1.00E-08 0.9993 232 2000 18.56 2.36E-08 2.36E-16
MV-248-Ar Max flow into cryostat Leak/rupture 1 1.00E-08 NRC 1.00E-08 0.9993 232 2000 18.56 2.36E-08 2.36E-16
DPT-67-Ar Treat as flange, max flow into cryostat Leak/rupture 1 3.00E-07 NRC 3.00E-07 0.9993 232 2000 18.56 2.36E-08 7.07E-15
DPT-153-Ar Treat as flange, max flow into cryostat Leak/rupture 1 3.00E-07 NRC 3.00E-07 0.9993 232 2000 18.56 2.36E-08 7.07E-15
MV-248-Ar Max flow into cryostat Leak/rupture 1 1.00E-08 NRC 1.00E-08 0.9993 232 2000 18.56 2.36E-08 2.36E-16
EP-307-Ar Max flow into cryostat Leak/rupture 1 1.00E-08 NRC 1.00E-08 0.9993 232 2000 18.56 2.36E-08 2.36E-16
EP-78-Ar Max flow into cryostat Leak/rupture 1 1.00E-08 NRC 1.00E-08 0.9993 232 2000 18.56 2.36E-08 2.36E-16

PSV-156-Ar Max flow into cryostat Leak/rupture 1 1.00E-08 NRC 1.00E-08 0.9993 232 2000 18.56 2.36E-08 2.36E-16
MV-242-Ar Max flow into cryostat Leak/rupture 1 1.00E-08 NRC 1.00E-08 0.9993 232 2000 18.56 2.36E-08 2.36E-16
PI-243-Ar Treat as flange, max flow into cryostat Leak/rupture 1 3.00E-07 NRC 3.00E-07 0.9993 232 2000 18.56 2.36E-08 7.07E-15
MV-246-Ar Max flow into cryostat Leak/rupture 1 1.00E-08 NRC 1.00E-08 0.9993 232 2000 18.56 2.36E-08 2.36E-16
MV-128-Ar Max flow into cryostat Leak/rupture 1 1.00E-08 NRC 1.00E-08 0.9993 232 2000 18.56 2.36E-08 2.36E-16
PSV-136-Ar Max flow into cryostat Leak/rupture 1 1.00E-08 NRC 1.00E-08 0.9993 232 2000 18.56 2.36E-08 2.36E-16
MV-132-N2 Max flow into cryostat Leak/rupture 1 1.00E-08 NRC 1.00E-08 0.9993 232 2000 18.56 2.36E-08 2.36E-16
MV-132-N2 Max flow into cryostat Valve left wide open 1 1.74E-05 33 x 5064 TBL 3 1.74E-05 0.9993 232 2000 18.56 2.36E-08 4.10E-13
MV-131-N2 Max flow into cryostat Leak/rupture 1 1.00E-08 NRC 1.00E-08 0.9993 232 2000 18.56 2.36E-08 2.36E-16
MV-127-Ar Max flow into cryostat Leak/rupture 1 1.00E-08 NRC 1.00E-08 0.9993 232 2000 18.56 2.36E-08 2.36E-16
MV-251-V Max flow into cryostat Leak/rupture 1 1.00E-08 NRC 1.00E-08 0.9993 232 2000 18.56 2.36E-08 2.36E-16
MV-252-V Max flow into cryostat Valve left wide open 1 1.74E-05 33 x 5064 TBL 3 1.74E-05 0.9993 232 2000 18.56 2.36E-08 4.10E-13
MV-252-Ar Max flow into cryostat Leak/rupture 1 1.00E-08 NRC 1.00E-08 0.9993 232 2000 18.56 2.36E-08 2.36E-16
MV-253-Ar Max flow into cryostat Leak/rupture 1 1.00E-08 NRC 1.00E-08 0.9993 232 2000 18.56 2.36E-08 2.36E-16
MV-290-Ar Max flow into cryostat Leak/rupture 1 1.00E-08 NRC 1.00E-08 0.9993 232 2000 18.56 2.36E-08 2.36E-16
MV-254-V Max flow into cryostat Leak/rupture 1 1.00E-08 NRC 1.00E-08 0.9993 232 2000 18.56 2.36E-08 2.36E-16
PT-185-V Treat as flange, max flow into cryostat Leak/rupture 1 3.00E-07 NRC 3.00E-07 0.9993 232 2000 18.56 2.36E-08 7.07E-15
PT-186-V Treat as flange, max flow into cryostat Leak/rupture 1 3.00E-07 NRC 3.00E-07 0.9993 232 2000 18.56 2.36E-08 7.07E-15

MV-256-Ar Max flow into cryostat Leak/rupture 1 1.00E-08 NRC 1.00E-08 0.9993 232 2000 18.56 2.36E-08 2.36E-16
CV-256-Ar Max flow into cryostat Leak/rupture 1 1.00E-08 NRC 1.00E-08 0.9993 232 2000 18.56 2.36E-08 2.36E-16
MV-291-Ar Max flow into cryostat Leak/rupture 1 1.00E-08 NRC 1.00E-08 0.9993 232 2000 18.56 2.36E-08 2.36E-16
MV-294-Ar Max flow into cryostat Leak/rupture 1 1.00E-08 NRC 1.00E-08 0.9993 232 2000 18.56 2.36E-08 2.36E-16
MV-295-V Max flow into cryostat Leak/rupture 1 1.00E-08 NRC 1.00E-08 0.9993 232 2000 18.56 2.36E-08 2.36E-16
MV-296-Ar Max flow into cryostat Leak/rupture 1 1.00E-08 NRC 1.00E-08 0.9993 232 2000 18.56 2.36E-08 2.36E-16
PI-12-Ar Treat as flange, max flow into cryostat Leak/rupture 1 3.00E-07 NRC 3.00E-07 0.9993 232 2000 18.56 2.36E-08 7.07E-15
PT-19-V Treat as flange, max flow into cryostat Leak/rupture 1 3.00E-07 NRC 3.00E-07 0.9993 232 2000 18.56 2.36E-08 7.07E-15

PSV-210-Ar Max flow into cryostat Leak/rupture 1 1.00E-08 NRC 1.00E-08 0.9993 232 2000 18.56 2.36E-08 2.36E-16
PT-11-Ar Treat as flange, max flow into cryostat Leak/rupture 1 3.00E-07 NRC 3.00E-07 0.9993 232 2000 18.56 2.36E-08 7.07E-15
PT-33-V Treat as flange, max flow into cryostat Leak/rupture 1 3.00E-07 NRC 3.00E-07 0.9993 232 2000 18.56 2.36E-08 7.07E-15

MV-255-Ar Max flow into cryostat Leak/rupture 1 1.00E-08 NRC 1.00E-08 0.9993 232 2000 18.56 2.36E-08 2.36E-16
EP-205-Ar Max flow into cryostat Leak/rupture 1 1.00E-08 NRC 1.00E-08 0.9993 232 2000 18.56 2.36E-08 2.36E-16
RD-302-V Max flow into cryostat Premature Open 1 1.00E-05 NRC 1.00E-05 0.9993 232 2000 18.56 2.36E-08 2.36E-13

PSV-313-Ar Max flow into cryostat Leak/rupture 1 1.00E-08 NRC 1.00E-08 0.9993 232 2000 18.56 2.36E-08 2.36E-16
MV-354-Ar Max flow into cryostat Leak/rupture 1 1.00E-08 NRC 1.00E-08 0.9993 232 2000 18.56 2.36E-08 2.36E-16
PI-345-Ar Treat as flange, Max flow thru 25% pipe diameter Leak/rupture 1 3.00E-07 NRC 3.00E-07 0.9993 433 2000 16.45 9.53E-07 2.86E-13
MV-327-Ar Max flow into cryostat Leak/rupture 1 1.00E-08 NRC 1.00E-08 0.9993 232 2000 18.56 2.36E-08 2.36E-16
MV-327-Ar Max flow into cryostat Valve left wide open 1 1.74E-05 33 x 5064 TBL 3 1.74E-05 0.9993 232 2000 18.56 2.36E-08 4.10E-13

Luke Cryostat Treat as dewar, max flow into cryostat Leak/rupture 1 1.00E-06 FNAL 1.00E-06 0.9993 232 2000 18.56 2.36E-08 2.36E-14
Welds up to and including Luke Max flow thru 25% pipe diameter Leak/rupture 100 3.00E-09 NRC 3.00E-07 0.9993 433 2000 16.45 9.53E-07 2.86E-13

Flanges up to and including Luke Max flow thru 25% pipe diameter Leak/rupture 40 3.00E-07 NRC 1.20E-05 0.9993 433 2000 16.45 9.53E-07 1.14E-11
Luke LAr vent piping Max flow into cryostat Leak/rupture 1 1.00E-09 NRC 1.00E-09 0.9993 232 2000 18.56 2.36E-08 2.36E-17

LT-372-Ar Treat as flange, max flow into cryostat Leak/rupture 1 3.00E-07 NRC 3.00E-07 0.9993 232 2000 18.56 2.36E-08 7.07E-15
PT-373-Ar Treat as flange, max flow into cryostat Leak/rupture 1 3.00E-07 NRC 3.00E-07 0.9993 232 2000 18.56 2.36E-08 7.07E-15
PT-374-Ar Treat as flange, max flow into cryostat Leak/rupture 1 3.00E-07 NRC 3.00E-07 0.9993 232 2000 18.56 2.36E-08 7.07E-15
PI-363-Ar Treat as flange, max flow into cryostat Leak/rupture 1 3.00E-07 NRC 3.00E-07 0.9993 232 2000 18.56 2.36E-08 7.07E-15
RD-376-Ar Max flow into cryostat Premature Open 1 1.00E-05 NRC 1.00E-05 0.9993 232 2000 18.56 2.36E-08 2.36E-13
PSV-377-Ar Max flow into cryostat Leak/rupture 1 1.00E-08 NRC 1.00E-08 0.9993 232 2000 18.56 2.36E-08 2.36E-16
PSV-378-Ar Max flow into cryostat Leak/rupture 1 1.00E-08 NRC 1.00E-08 0.9993 232 2000 18.56 2.36E-08 2.36E-16
MV-379-Ar Max flow into cryostat Leak/rupture 1 1.00E-08 NRC 1.00E-08 0.9993 232 2000 18.56 2.36E-08 2.36E-16
MV-380-Ar Max flow into cryostat Leak/rupture 1 1.00E-08 NRC 1.00E-08 0.9993 232 2000 18.56 2.36E-08 2.36E-16
MV-381-Ar Max flow into cryostat Leak/rupture 1 1.00E-08 NRC 1.00E-08 0.9993 232 2000 18.56 2.36E-08 2.36E-16
Bo Cryostat Treat as dewar, max flow into cryostat Leak/rupture 1 1.00E-06 FNAL 1.00E-06 0.9993 232 2000 18.56 2.36E-08 2.36E-14

Welds associated with Bo Max flow into cryostat Leak/rupture 50 3.00E-09 NRC 1.50E-07 0.9993 232 2000 18.56 2.36E-08 3.54E-15
Flanges associated with Luke Max flow into cryostat Leak/rupture 20 3.00E-07 NRC 6.00E-06 0.9993 232 2000 18.56 2.36E-08 1.41E-13

Bo LAr vent piping Max flow into cryostat Leak/rupture 1 1.00E-09 NRC 1.00E-09 0.9993 232 2000 18.56 2.36E-08 2.36E-17
SUM 2.31E-04 SUM 1.19E-09

* Denotes that the minimum O2 concentration is equal to the amount of cryogens present because the leak rate creates a minimum O2 concentration that exceeds the amount of cryogens present.
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Table 3.5a.2:  PAB ODH Risk Analysis with NO ventilation running. Pi Group Fan Availability R Q O2 Fi ϕ=∑PiFi
Fail Rate Source of Fail Rate (Pi x #) Rate leak rate vent rate Concentration Fatality Factor ODH Rate

ITEM Comment Type of Failure # of Items events/hr Fail Rate events/hr events/hr SCFM SCFM % fatality/event fatality/hr
Nitrogen circuit
LN2 supply piping < 3" diameter, max flow into PAB Rupture - severed line 1 1.00E-09 NRC 1.00E-09 7.00E-04 1198 0 0 1.00E+00 7.00E-13

Condensor Treat as dewar, 25% pipe diameter Leak/rupture 1 1.00E-06 FNAL 1.00E-06 7.00E-04 260 0 0 1.00E+00 7.00E-10
EV-104-N2 Max flow thru 25% pipe diameter Leak/rupture 1 1.00E-08 NRC 1.00E-08 7.00E-04 260 0 0 1.00E+00 7.00E-12
EV-105-N2 Max flow thru 25% pipe diameter Leak/rupture 1 1.00E-08 NRC 1.00E-08 7.00E-04 260 0 0 1.00E+00 7.00E-12
EV-106-N2 Max flow thru 25% pipe diameter Leak/rupture 1 1.00E-08 NRC 1.00E-08 7.00E-04 260 0 0 1.00E+00 7.00E-12
LT-10-N2 Treat as flange, max flow thru 25% pipe diameter Leak/rupture 1 3.00E-07 NRC 3.00E-07 7.00E-04 260 0 0 1.00E+00 2.10E-10
MV-119-N Max flow thru 25% pipe diameter Leak/rupture 1 1.00E-08 NRC 1.00E-08 7.00E-04 260 0 0 1.00E+00 7.00E-12
MV-120-N Max flow thru 25% pipe diameter Leak/rupture 1 1.00E-08 NRC 1.00E-08 7.00E-04 260 0 0 1.00E+00 7.00E-12
PI-44-N2 Treat as flange, max flow thru 25% pipe diameter Leak/rupture 1 3.00E-07 NRC 3.00E-07 7.00E-04 260 0 0 1.00E+00 2.10E-10
PI-133-N2 Treat as flange, max flow thru 25% pipe diameter Leak/rupture 1 3.00E-07 NRC 3.00E-07 7.00E-04 260 0 0 1.00E+00 2.10E-10
PT-1-N2 Treat as flange, max flow thru 25% pipe diameter Leak/rupture 1 3.00E-07 NRC 3.00E-07 7.00E-04 260 0 0 1.00E+00 2.10E-10
PT-27-N2 Treat as flange, max flow thru 25% pipe diameter Leak/rupture 1 3.00E-07 NRC 3.00E-07 7.00E-04 260 0 0 1.00E+00 2.10E-10

PSV-101-N2 Max flow thru 25% pipe diameter Leak/rupture 1 1.00E-08 NRC 1.00E-08 7.00E-04 260 0 0 1.00E+00 7.00E-12
PSV-101-N2 Max flow thru 25% pipe diameter Leak/rupture 1 1.00E-08 NRC 1.00E-08 7.00E-04 260 0 0 1.00E+00 7.00E-12
PSV-101-N2 Max flow thru 25% pipe diameter Leak/rupture 1 1.00E-08 NRC 1.00E-08 7.00E-04 260 0 0 1.00E+00 7.00E-12

TE-6-N2 Treat as flange, max flow thru 25% pipe diameter Leak/rupture 1 3.00E-07 NRC 3.00E-07 7.00E-04 260 0 0 1.00E+00 2.10E-10
SV-117-N2 Max flow thru 25% pipe diameter Leak/rupture 1 1.00E-08 NRC 1.00E-08 7.00E-04 260 0 0 1.00E+00 7.00E-12

Welds Max flow thru 25% pipe diameter Leak/rupture 50 3.00E-09 NRC 1.50E-07 7.00E-04 260 0 0 1.00E+00 1.05E-10
Flanges Max flow thru 25% pipe diameter Leak/rupture 10 3.00E-07 NRC 3.00E-06 7.00E-04 260 0 0 1.00E+00 2.10E-09

LN2 vent piping Max flow thru 25% pipe diameter Leak/rupture 1 1.00E-09 NRC 1.00E-09 7.00E-04 260 0 0 1.00E+00 7.00E-13
PCV-388-N2 Max flow thru 25% pipe diameter Leak/rupture 1 1.00E-08 NRC 1.00E-08 7.00E-04 260 0 0 1.00E+00 7.00E-12
PSV-389-N2 Max flow thru 25% pipe diameter Leak/rupture 1 1.00E-08 NRC 1.00E-08 7.00E-04 260 0 0 1.00E+00 7.00E-12
MV-375-N2 Max flow thru 25% pipe diameter Leak/rupture 1 1.00E-08 NRC 1.00E-08 7.00E-04 260 0 0 1.00E+00 7.00E-12

Argon Circuit
LAr supply piping < 3" diameter, max flow into PAB Rupture - severed line 1 1.00E-09 NRC 1.00E-09 7.00E-04 6572 0 15.9 2.51E-06 2.51E-15

LAr supply dewar reliefs Max flow thru relief valve Premature open 4 1.00E-05 NRC 4.00E-05 7.00E-04 68.1 0 15.9 2.51E-06 1.00E-10
PSV-203-Ar Max flow thru 25% pipe diameter Leak/rupture 1 1.00E-08 NRC 1.00E-08 7.00E-04 433 0 15.9 2.51E-06 1.76E-17
MV-204-Ar Max flow thru valve (Cv = 1.2) Valve left wide open 1 1.74E-05 33 x 5064 TBL 3 1.74E-05 7.00E-04 1825 0 15.9 2.51E-06 4.37E-11
MV-204-Ar Max flow thru 25% pipe diameter Leak/rupture 1 1.00E-08 NRC 1.00E-08 7.00E-04 433 0 15.9 2.51E-06 1.76E-17
MV-213-Ar Max flow thru 25% pipe diameter Leak/rupture 1 1.00E-08 NRC 1.00E-08 7.00E-04 433 0 15.9 2.51E-06 1.76E-17
MV-218-Ar Max flow thru valve (Cv = 1.2) Valve left wide open 1 1.74E-05 33 x 5064 TBL 3 1.74E-05 7.00E-04 1825 0 15.9 2.51E-06 4.37E-11
MV-218-Ar Max flow thru 25% pipe diameter Leak/rupture 1 1.00E-08 NRC 1.00E-08 7.00E-04 433 0 15.9 2.51E-06 1.76E-17
PSV-219-Ar Max flow thru 25% pipe diameter Leak/rupture 1 1.00E-08 NRC 1.00E-08 7.00E-04 433 0 15.9 2.51E-06 1.76E-17
MV-217-Ar Max flow thru 25% pipe diameter Leak/rupture 1 1.00E-08 NRC 1.00E-08 7.00E-04 433 0 15.9 2.51E-06 1.76E-17
MV-365-V Max flow thru 25% pipe diameter Leak/rupture 1 1.00E-08 NRC 1.00E-08 7.00E-04 433 0 15.9 2.51E-06 1.76E-17
MV-366-V Max flow thru 25% pipe diameter Leak/rupture 1 1.00E-08 NRC 1.00E-08 7.00E-04 433 0 15.9 2.51E-06 1.76E-17
MV-365-V Max flow thru valve (Cv = 1.2) Valve left wide open 1 1.74E-05 33 x 5064 TBL 3 1.74E-05 7.00E-04 1825 0 15.9 2.51E-06 4.37E-11
MV-366-V Max flow thru valve (Cv = 1.2) Valve left wide open 1 1.74E-05 33 x 5064 TBL 3 1.74E-05 7.00E-04 1825 0 15.9 2.51E-06 4.37E-11

MV-480-HAr Max flow thru 25% pipe diameter Leak/rupture 1 1.00E-08 NRC 1.00E-08 7.00E-04 433 0 15.9 2.51E-06 1.76E-17
MV-461-HAr Max flow thru 25% pipe diameter Leak/rupture 1 1.00E-08 NRC 1.00E-08 7.00E-04 433 0 15.9 2.51E-06 1.76E-17
PSV-250-Ar Max flow thru 25% pipe diameter Leak/rupture 1 1.00E-08 NRC 1.00E-08 7.00E-04 433 0 15.9 2.51E-06 1.76E-17
PSV-249-Ar Max flow thru 25% pipe diameter Leak/rupture 1 1.00E-08 NRC 1.00E-08 7.00E-04 433 0 15.9 2.51E-06 1.76E-17
MV-202-Ar Max flow thru 25% pipe diameter Leak/rupture 1 1.00E-08 NRC 1.00E-08 7.00E-04 433 0 15.9 2.51E-06 1.76E-17
MV-208-Ar Max flow thru 25% pipe diameter Leak/rupture 1 1.00E-08 NRC 1.00E-08 7.00E-04 433 0 15.9 2.51E-06 1.76E-17
MV-239-Ar Max flow thru 25% pipe diameter Leak/rupture 1 1.00E-08 NRC 1.00E-08 7.00E-04 433 0 15.9 2.51E-06 1.76E-17
MV-244-Ar Max flow thru 25% pipe diameter Leak/rupture 1 1.00E-08 NRC 1.00E-08 7.00E-04 433 0 15.9 2.51E-06 1.76E-17
MV-370-Ar Max flow thru 25% pipe diameter Leak/rupture 1 1.00E-08 NRC 1.00E-08 7.00E-04 433 0 15.9 2.51E-06 1.76E-17
LT-13-Ar Treat as flange, max flow into cryostat Leak/rupture 1 3.00E-07 NRC 3.00E-07 7.00E-04 232 0 15.9 2.51E-06 5.28E-16
MV-360-V Max flow into cryostat Leak/rupture 1 1.00E-08 NRC 1.00E-08 7.00E-04 232 0 15.9 2.51E-06 1.76E-17
MV-360-V Max flow into cryostat Valve left wide open 1 1.74E-05 33 x 5064 TBL 3 1.74E-05 7.00E-04 232 0 15.9 2.51E-06 3.06E-14
MV-241-Ar Max flow into cryostat Leak/rupture 1 1.00E-08 NRC 1.00E-08 7.00E-04 232 0 15.9 2.51E-06 1.76E-17
MV-247-Ar Max flow into cryostat Leak/rupture 1 1.00E-08 NRC 1.00E-08 7.00E-04 232 0 15.9 2.51E-06 1.76E-17
MV-248-Ar Max flow into cryostat Leak/rupture 1 1.00E-08 NRC 1.00E-08 7.00E-04 232 0 15.9 2.51E-06 1.76E-17
DPT-67-Ar Treat as flange, max flow into cryostat Leak/rupture 1 3.00E-07 NRC 3.00E-07 7.00E-04 232 0 15.9 2.51E-06 5.28E-16
DPT-153-Ar Treat as flange, max flow into cryostat Leak/rupture 1 3.00E-07 NRC 3.00E-07 7.00E-04 232 0 15.9 2.51E-06 5.28E-16
MV-248-Ar Max flow into cryostat Leak/rupture 1 1.00E-08 NRC 1.00E-08 7.00E-04 232 0 15.9 2.51E-06 1.76E-17
EP-307-Ar Max flow into cryostat Leak/rupture 1 1.00E-08 NRC 1.00E-08 7.00E-04 232 0 15.9 2.51E-06 1.76E-17
EP-78-Ar Max flow into cryostat Leak/rupture 1 1.00E-08 NRC 1.00E-08 7.00E-04 232 0 15.9 2.51E-06 1.76E-17

PSV-156-Ar Max flow into cryostat Leak/rupture 1 1.00E-08 NRC 1.00E-08 7.00E-04 232 0 15.9 2.51E-06 1.76E-17
MV-242-Ar Max flow into cryostat Leak/rupture 1 1.00E-08 NRC 1.00E-08 7.00E-04 232 0 15.9 2.51E-06 1.76E-17
PI-243-Ar Treat as flange, max flow into cryostat Leak/rupture 1 3.00E-07 NRC 3.00E-07 7.00E-04 232 0 15.9 2.51E-06 5.28E-16
MV-246-Ar Max flow into cryostat Leak/rupture 1 1.00E-08 NRC 1.00E-08 7.00E-04 232 0 15.9 2.51E-06 1.76E-17
MV-128-Ar Max flow into cryostat Leak/rupture 1 1.00E-08 NRC 1.00E-08 7.00E-04 232 0 15.9 2.51E-06 1.76E-17
PSV-136-Ar Max flow into cryostat Leak/rupture 1 1.00E-08 NRC 1.00E-08 7.00E-04 232 0 15.9 2.51E-06 1.76E-17
MV-132-N2 Max flow into cryostat Leak/rupture 1 1.00E-08 NRC 1.00E-08 7.00E-04 232 0 15.9 2.51E-06 1.76E-17
MV-132-N2 Max flow into cryostat Valve left wide open 1 1.74E-05 33 x 5064 TBL 3 1.74E-05 7.00E-04 232 0 15.9 2.51E-06 3.06E-14
MV-131-N2 Max flow into cryostat Leak/rupture 1 1.00E-08 NRC 1.00E-08 7.00E-04 232 0 15.9 2.51E-06 1.76E-17
MV-127-Ar Max flow into cryostat Leak/rupture 1 1.00E-08 NRC 1.00E-08 7.00E-04 232 0 15.9 2.51E-06 1.76E-17
MV-251-V Max flow into cryostat Leak/rupture 1 1.00E-08 NRC 1.00E-08 7.00E-04 232 0 15.9 2.51E-06 1.76E-17
MV-252-V Max flow into cryostat Valve left wide open 1 1.74E-05 33 x 5064 TBL 3 1.74E-05 7.00E-04 232 0 15.9 2.51E-06 3.06E-14
MV-252-Ar Max flow into cryostat Leak/rupture 1 1.00E-08 NRC 1.00E-08 7.00E-04 232 0 15.9 2.51E-06 1.76E-17
MV-253-Ar Max flow into cryostat Leak/rupture 1 1.00E-08 NRC 1.00E-08 7.00E-04 232 0 15.9 2.51E-06 1.76E-17
MV-290-Ar Max flow into cryostat Leak/rupture 1 1.00E-08 NRC 1.00E-08 7.00E-04 232 0 15.9 2.51E-06 1.76E-17
MV-254-V Max flow into cryostat Leak/rupture 1 1.00E-08 NRC 1.00E-08 7.00E-04 232 0 15.9 2.51E-06 1.76E-17
PT-185-V Treat as flange, max flow into cryostat Leak/rupture 1 3.00E-07 NRC 3.00E-07 7.00E-04 232 0 15.9 2.51E-06 5.28E-16
PT-186-V Treat as flange, max flow into cryostat Leak/rupture 1 3.00E-07 NRC 3.00E-07 7.00E-04 232 0 15.9 2.51E-06 5.28E-16

MV-256-Ar Max flow into cryostat Leak/rupture 1 1.00E-08 NRC 1.00E-08 7.00E-04 232 0 15.9 2.51E-06 1.76E-17
CV-256-Ar Max flow into cryostat Leak/rupture 1 1.00E-08 NRC 1.00E-08 7.00E-04 232 0 15.9 2.51E-06 1.76E-17
MV-291-Ar Max flow into cryostat Leak/rupture 1 1.00E-08 NRC 1.00E-08 7.00E-04 232 0 15.9 2.51E-06 1.76E-17
MV-294-Ar Max flow into cryostat Leak/rupture 1 1.00E-08 NRC 1.00E-08 7.00E-04 232 0 15.9 2.36E-08 2.36E-16
MV-295-V Max flow into cryostat Leak/rupture 1 1.00E-08 NRC 1.00E-08 7.00E-04 232 0 15.9 2.36E-08 2.36E-16
MV-296-Ar Max flow into cryostat Leak/rupture 1 1.00E-08 NRC 1.00E-08 7.00E-04 232 0 15.9 2.36E-08 2.36E-16
PI-12-Ar Treat as flange, max flow into cryostat Leak/rupture 1 3.00E-07 NRC 3.00E-07 7.00E-04 232 0 15.9 2.51E-06 5.28E-16
PT-19-V Treat as flange, max flow into cryostat Leak/rupture 1 3.00E-07 NRC 3.00E-07 7.00E-04 232 0 15.9 2.51E-06 5.28E-16

PSV-210-Ar Max flow into cryostat Leak/rupture 1 1.00E-08 NRC 1.00E-08 7.00E-04 232 0 15.9 2.51E-06 1.76E-17
PT-11-Ar Treat as flange, max flow into cryostat Leak/rupture 1 3.00E-07 NRC 3.00E-07 7.00E-04 232 0 15.9 2.51E-06 5.28E-16
PT-33-V Treat as flange, max flow into cryostat Leak/rupture 1 3.00E-07 NRC 3.00E-07 7.00E-04 232 0 15.9 2.51E-06 5.28E-16

MV-255-Ar Max flow into cryostat Leak/rupture 1 1.00E-08 NRC 1.00E-08 7.00E-04 232 0 15.9 2.51E-06 1.76E-17
EP-205-Ar Max flow into cryostat Leak/rupture 1 1.00E-08 NRC 1.00E-08 7.00E-04 232 0 15.9 2.51E-06 1.76E-17
RD-302-V Max flow into cryostat Premature Open 1 1.00E-05 NRC 1.00E-05 7.00E-04 232 0 15.9 2.51E-06 1.76E-14

PSV-313-Ar Max flow into cryostat Leak/rupture 1 1.00E-08 NRC 1.00E-08 7.00E-04 232 0 15.9 2.51E-06 1.76E-17
MV-354-Ar Max flow into cryostat Leak/rupture 1 1.00E-08 NRC 1.00E-08 7.00E-04 232 0 15.9 2.51E-06 1.76E-17
PI-345-Ar Treat as flange, Max flow thru 25% pipe diameter Leak/rupture 1 3.00E-07 NRC 3.00E-07 7.00E-04 433 0 15.9 2.51E-06 5.28E-16
MV-327-Ar Max flow into cryostat Leak/rupture 1 1.00E-08 NRC 1.00E-08 0.9993 232 0 15.9 2.36E-08 2.36E-16
MV-327-Ar Max flow into cryostat Valve left wide open 1 1.74E-05 33 x 5064 TBL 3 1.74E-05 0.9993 232 0 15.9 2.36E-08 4.10E-13

Luke Cryostat Treat as dewar, max flow into cryostat Leak/rupture 1 1.00E-06 FNAL 1.00E-06 7.00E-04 232 0 15.9 2.51E-06 1.76E-15
Welds up to and including Luke Max flow thru 25% pipe diameter Leak/rupture 100 3.00E-09 NRC 3.00E-07 7.00E-04 433 0 15.9 2.51E-06 5.28E-16

Flanges up to and including Luke Max flow thru 25% pipe diameter Leak/rupture 40 3.00E-07 NRC 1.20E-05 7.00E-04 433 0 15.9 2.51E-06 2.11E-14
LAr vent piping Max flow into cryostat Leak/rupture 1 1.00E-09 NRC 1.00E-09 7.00E-04 232 0 15.9 2.51E-06 1.76E-18

LT-372-Ar Treat as flange, max flow into cryostat Leak/rupture 1 3.00E-07 NRC 3.00E-07 0.9993 232 0 15.9 2.51E-06 7.53E-13
PT-373-Ar Treat as flange, max flow into cryostat Leak/rupture 1 3.00E-07 NRC 3.00E-07 0.9993 232 0 15.9 2.51E-06 7.53E-13
PT-374-Ar Treat as flange, max flow into cryostat Leak/rupture 1 3.00E-07 NRC 3.00E-07 0.9993 232 0 15.9 2.51E-06 7.53E-13
PI-363-Ar Treat as flange, max flow into cryostat Leak/rupture 1 3.00E-07 NRC 3.00E-07 0.9993 232 0 15.9 2.51E-06 7.53E-13
RD-376-Ar Max flow into cryostat Premature Open 1 1.00E-05 NRC 1.00E-05 0.9993 232 0 15.9 2.51E-06 2.51E-11
PSV-377-Ar Max flow into cryostat Leak/rupture 1 1.00E-08 NRC 1.00E-08 0.9993 232 0 15.9 2.51E-06 2.51E-14
PSV-378-Ar Max flow into cryostat Leak/rupture 1 1.00E-08 NRC 1.00E-08 0.9993 232 0 15.9 2.51E-06 2.51E-14
MV-379-Ar Max flow into cryostat Leak/rupture 1 1.00E-08 NRC 1.00E-08 0.9993 232 0 15.9 2.51E-06 2.51E-14
MV-380-Ar Max flow into cryostat Leak/rupture 1 1.00E-08 NRC 1.00E-08 0.9993 232 0 15.9 2.51E-06 2.51E-14
MV-381-Ar Max flow into cryostat Leak/rupture 1 1.00E-08 NRC 1.00E-08 0.9993 232 0 15.9 2.51E-06 2.51E-14
Bo Cryostat Treat as dewar, max flow into cryostat Leak/rupture 1 1.00E-06 FNAL 1.00E-06 0.9993 232 0 15.9 2.51E-06 2.51E-12

Welds associated with Bo Max flow into cryostat Leak/rupture 50 3.00E-09 NRC 1.50E-07 0.9993 232 0 15.9 2.51E-06 3.77E-13
Flanges associated with Luke Max flow into cryostat Leak/rupture 20 3.00E-07 NRC 6.00E-06 0.9993 232 0 15.9 2.51E-06 1.51E-11

Bo LAr vent piping Max flow into cryostat Leak/rupture 1 1.00E-09 NRC 1.00E-09 0.9993 232 0 15.9 2.51E-06 2.51E-15
SUM 2.31E-04 SUM 4.57E-09
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Terry Tope – 5.15.07 
3.5a2 - 1/7 

 
3.5a2 – ODH Fan Manufacturer Info 
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Terry Tope - 4.5.07 
3.5b1 - 1/6 

 

 

3.5b1 – Pressure Vessel Engineering Note for Luke 
 
See 4.1a for relief valve calculations and 4.1aa for supporting relief valve 
calculation documentation. 
 
Relief valve certifications are included at end of pressure vessel engineering note 
along with the Form U-1A Manufacturer’s Data Report for Pressure Vessels. 
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Lab Property Number(s):099938_______________________________________________  
Lab Location Code:  502__________________________ (obtain from safety officer)  
Purpose of Vessel(s):  Test contamination effects of proposed LArTPC 
materials on ultra high purity liquid argon.________________________________  
____________________________________________________________________________  
Vessel Capacity/Size:  250 liter__  Diameter:  22 inches Length:  37.5 inches  
Normal Operating Pressure (OP)  20 psig______  
MAWP-OP = 15___________PSI 
 
List the numbers of all pertinent drawings and the location of the originals.  
 
Drawing # Location of Original 
 
D-13109101_______________________  Chart Inc., 1300 Airport Drive, _________  
_________________________________  Ball Ground GA 30107 ____________________  
_________________________________ _________________________________________  
_________________________________ _________________________________________  
_________________________________ _________________________________________  
_________________________________ _________________________________________  
 
  
2. Design Verification 
 
 Is this vessel designed and built to meet the Code or “In-House Built” 

requirements? 
 Yes__X___ No_____. 
 

If “No” state the standard that was used _________________. 
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__X___ No_____.  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: 
 NAT’L. BD. NO.______________  
 
 168161______________________  
 
 CERTIFIED BY________________  
 
 CHART, INC._________________  
 
 RT-2________________________  
  
 MODEL:  DEWAR R_____________  
 
 M.A.W.P.: 35 P.S.I. @ 100 oF  
 
 M.D.M.T. -320 oF @ 35 P.S.I.  
 
 MAEWP 15 psi @ 100 oF _______  
 
 2005 S/N CEGRZ05L102________  
 
 DUPLICATE___________________  
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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) 
 
___________________ ____________________________ _____________ vs ___________  
___________________ ____________________________ _____________ vs ___________  
___________________ ____________________________ _____________ vs ___________  
___________________ ____________________________ _____________ vs ___________  
___________________ ____________________________ _____________ vs ___________  
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3. System Venting Verification  Provide the vent system schematic.  
 
 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 
 
 Anderson Greenwood___ 83SF1216F 35 psig___  227 SCFM Ar__  1.5” x 2.0”_   
 BS&B (rupture disc)__ JRS _____  55 psig___  1066 SCFM Ar_  1.5”________  
 _____________________ ________  __________  _____________  ____________  
 _____________________ ________  __________  _____________  ____________  
 _____________________ ________  __________  _____________  ____________  
 _____________________ ________  __________  _____________  ____________  
 
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____ No__X___ 

 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. 

 
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_____ No__X___ 
 

If "Yes", follow the requirements for an Extended Engineering Note for 
Exceptional Vessels. 
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THIS VESSEL CONFORMS TO FERMILAB ES&H MANUAL 
CHAPTER 5031 

 

Vessel Title ______________________________________________________  

Vessel Number ___________________________________________________  

Vessel Drawing Number ____________________________________________  

Maximum Allowable Working Pressures (MAWP): 

       Internal Pressure  ___________________________  

       External Pressure ___________________________  

Working Temperature Range _____________0F ______________________0F 

Contents ________________________________________________________  

Designer ________________________________________________________  

Test Pressure (if tested at Fermi) DATE       /      / ____  

_________PSIG,   Hydraulic ________________ Pneumatic_______________  

Accepted as conforming to standard by 

________________________________________________________________  

Of Division/Section________________________________________________  

 

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

 

 Figure 2.  Sample of sticker to be completed and be placed on vessel. 
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3.5b2 – Updated Pressure Vessel Engineering Note for PAB (Formally PS1) 
Liquid Nitrogen Dewar 
 
See 4.1c for relief valve calculations. 
 
Relief valve certifications included at end of pressure vessel engineering note. 
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Lab Property Number(s):_____________________________________________________  
Lab Location Code:  502__________________________ (obtain from safety officer)  
Purpose of Vessel(s):  To supply liquid nitrogen to PAB.____________________  
____________________________________________________________________________  
Vessel Capacity/Size:  7000 liters  Diameter:  84 inches Length:  167 inches  
Normal Operating Pressure (OP)  30 psig______  
MAWP-OP = 45___________PSI 
 
List the numbers of all pertinent drawings and the location of the originals.  
 
Drawing # Location of Original 
 
N/A______________________________ _________________________________________  
_________________________________ _________________________________________  
_________________________________ _________________________________________  
_________________________________ _________________________________________  
_________________________________ _________________________________________  
_________________________________ _________________________________________  
 
  
2. Design Verification 
 
 Is this vessel designed and built to meet the Code or “In-House Built” 

requirements? 
 Yes__X___ No_____. 
 

If “No” state the standard that was used _________________. 
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__X___ No_____.  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: 
 C.E. Howard Corporation_____  
 
 Built for Cryo Sonics Inc.__  
 
 Service:  Liquid Nitrogen___  
 
 Date:  1961  Code:  1959____  
 
 Design Pressure:____________  
  
 75 psig + Full Vac._________  
 
 Test Pressure:  150 psig____  
 
 Design Temp:________________  
 
 -320 oF to 100 oF I.T _______  
 
 Serial Number 489___________  
 
 ____________________________  
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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) 
 
___________________ ____________________________ _____________ vs ___________  
___________________ ____________________________ _____________ vs ___________  
___________________ ____________________________ _____________ vs ___________  
___________________ ____________________________ _____________ vs ___________  
___________________ ____________________________ _____________ vs ___________  
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3. System Venting Verification  Provide the vent system schematic.  
 
 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 
 
 Anderson Greenwood___ 81S1216G  75 psig___   731 SCFM Air_  1.5” x 2.0” _   
 Fike (rupture disc)__ CPV BT __  105 psig__  3024 SCFM Air  1.5”________  
 _____________________ ________  __________  _____________  ____________  
 Chart Industries_____ Herose EPD 75 psig___  30 ms close__  1 ½”________           
 Fill Shut Off Valve__ ________  __________  _____________  ____________  
 _____________________ ________  __________  _____________  ____________  
 
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____ No__X___ 

 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. 

 
6. Existing, Used and Unmanned Area Vessels 
 
 Is this vessel or any part thereof in the above categories?   
 Yes__X___ No_____ 
 

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_____ No__X___ 
 

If "Yes", follow the requirements for an Extended Engineering Note for 
Exceptional Vessels. 
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THIS VESSEL CONFORMS TO FERMILAB ES&H MANUAL 
CHAPTER 5031 

 

Vessel Title ______________________________________________________  

Vessel Number ___________________________________________________  

Vessel Drawing Number ____________________________________________  

Maximum Allowable Working Pressures (MAWP): 

       Internal Pressure  ___________________________  

       External Pressure ___________________________  

Working Temperature Range _____________0F ______________________0F 

Contents ________________________________________________________  

Designer ________________________________________________________  

Test Pressure (if tested at Fermi) DATE       /      / ____  

_________PSIG,   Hydraulic ________________ Pneumatic_______________  

Accepted as conforming to standard by 

________________________________________________________________  

Of Division/Section________________________________________________  

 

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

 

 Figure 2.  Sample of sticker to be completed and be placed on vessel. 
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Terry Tope - 3.29.07 
3.5b3 - 1/18 

 
3.5b3 – Old Pressure Vessel Engineering Note for PS1 Liquid Nitrogen 
Dewar 
 
Previous relief valve calculations are included. 
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3.5b4 – Vacuum Vessel Engineering Note for PS1 Liquid Nitrogen Dewar 
 
Relief and collapse calculations included.  
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3.5b5 – Pressure Vessel Engineering Note for Bo 
 
See 4.1a for relief valve calculations and 4.1aa for supporting relief valve 
calculation documentation. 
 
Relief valve certifications are included at end of pressure vessel engineering note 
along with the Form U-1A Manufacturer’s Data Report for Pressure Vessels. 
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PRESSURE VESSEL ENGINEERING NOTE 

PER CHAPTER 5031 
 Prepared by:  Terry Tope ____________  
 Preparation date:  4.10.08 __________  
 
1. Description and Identification 
 Fill in the label information below: 

This vessel conforms to Fermilab ES&H Manual 
Chapter 5031 

Vessel Title  FLARE microTPC Cryostat___________ 

Vessel Number PPD#10101_______________________ ←Obtain from Division/Section Safety Officer 

Vessel Drawing Number  D-13109101_______________ 

Maximum Allowable Working Pressures (MAWP): 
  Internal Pressure 35 psig____________________  
  External Pressure 15 psig____________________ 

Working Temperature Range  -320___ oF   100_____oF 

Contents  Liquid Argon__________________________ 

Designer/Manufacturer  Chart, Inc.______________ 

________________________________________________ 
Test Pressure (if tested at Fermi) Acceptance       ←Document per Chapter 5034  
  Date:_______       of the Fermilab ES&H Manual 
                     
_______PSIG, Hydraulic______ Pneumatic __________       
Accepted as conforming to standard by 
________________________________________________ 
 
of Division/Section_______________ Date:________     ←Actual signature required 

 

 
 
NOTE:  Any subsequent changes in contents,  
pressures, temperatures, valving, etc., which  
affect the safety of this vessel shall require  
another review.  
 
Reviewed by:_____________________________________  Date:____________________  
 
Director's signature (or designee) if the vessel is for manned areas but 
doesn't conform to the requirements of the chapter. 
 
_________________________________________________ Date: _____________________  
 
 
_________________________________________________Date: ______________________ 
ES&H Director Concurrence 
Amendment No.:                 Reviewed by:              Date: 
 
_________________              _____________             _______________ 
 
_________________              ______________            ________________ 
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Lab Property Number(s):099937_______________________________________________  
Lab Location Code:  502__________________________ (obtain from safety officer)  
Purpose of Vessel(s):  Test contamination effects of proposed LArTPC 
materials on ultra high purity liquid argon.________________________________  
____________________________________________________________________________  
Vessel Capacity/Size:  250 liter__  Diameter:  22 inches Length:  37.5 inches  
Normal Operating Pressure (OP)  20 psig______  
MAWP-OP = 15___________PSI 
 
List the numbers of all pertinent drawings and the location of the originals.  
 
Drawing # Location of Original 
 
D-13109101_______________________  Chart Inc., 1300 Airport Drive, _________  
_________________________________  Ball Ground GA 30107 ____________________  
_________________________________ _________________________________________  
_________________________________ _________________________________________  
_________________________________ _________________________________________  
_________________________________ _________________________________________  
 
  
2. Design Verification 
 
 Is this vessel designed and built to meet the Code or “In-House Built” 

requirements? 
 Yes__X___ No_____. 
 

If “No” state the standard that was used _________________. 
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__X___ No_____.  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: 
 NAT’L. BD. NO.______________  
 
 168160______________________  
 
 CERTIFIED BY________________  
 
 CHART, INC._________________  
 
 RT-2________________________  
  
 MODEL:  DEWAR R_____________  
 
 M.A.W.P.: 35 P.S.I. @ 100 oF  
 
 M.D.M.T. -320 oF @ 35 P.S.I.  
 
 MAEWP 15 psi @ 100 oF _______  
 
 2005 S/N CEGRZ05L101________  
 
 DUPLICATE___________________  
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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) 
 
___________________ ____________________________ _____________ vs ___________  
___________________ ____________________________ _____________ vs ___________  
___________________ ____________________________ _____________ vs ___________  
___________________ ____________________________ _____________ vs ___________  
___________________ ____________________________ _____________ vs ___________  
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3. System Venting Verification  Provide the vent system schematic.  
 
 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 
 
 Anderson Greenwood___ 83SF1216F 35 psig___  227 SCFM Ar__  1.5” x 2.0”_   
 BS&B (rupture disc)__ JRS _____  55 psig___  1066 SCFM Ar_  1.5”________  
 _____________________ ________  __________  _____________  ____________  
 _____________________ ________  __________  _____________  ____________  
 _____________________ ________  __________  _____________  ____________  
 _____________________ ________  __________  _____________  ____________  
 
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____ No__X___ 

 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. 

 
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_____ No__X___ 
 

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

 
Page 131 of 300   ver. 6/3/2008



Fermilab ES&H Manual  5031TA-5 
  09/2006 

 
 

 

THIS VESSEL CONFORMS TO FERMILAB ES&H MANUAL 
CHAPTER 5031 

 

Vessel Title ______________________________________________________  

Vessel Number ___________________________________________________  

Vessel Drawing Number ____________________________________________  

Maximum Allowable Working Pressures (MAWP): 

       Internal Pressure  ___________________________  

       External Pressure ___________________________  

Working Temperature Range _____________0F ______________________0F 

Contents ________________________________________________________  

Designer ________________________________________________________  

Test Pressure (if tested at Fermi) DATE       /      / ____  

_________PSIG,   Hydraulic ________________ Pneumatic_______________  

Accepted as conforming to standard by 

________________________________________________________________  

Of Division/Section________________________________________________  

 

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

 

 Figure 2.  Sample of sticker to be completed and be placed on vessel. 
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3.5c - PAB LN2 Dewar Compliance with Fermilab ES&H 5032.1TA 

 
4.0 VALVES AND INSTRUMENTATION 

 
A) MANDOTORY PROVISIONS 

 
1.) Reliable means of measuring the liquid level in the dewar. 

The dewar is equipped with a full trycock valve (MV-094-N) for 
measuring liquid level.  The dewar is also equipped with a 
Barton level gauge (DPI-100-N) that has been recently 
calibrated by the Fermilab PAB Calibration Shop. 

2.) Pressure gauge to sense ullage pressure. 
PI-100-N indicates the dewar pressure.   

3.) Fill & withdrawal valve(s). 
MV-92-N provides fill isolation.  MV-100-N allows liquid to flow 
into PAB while MV-93-N allows the venting of vapor. 

4.) Required relief devices. 
SV-99-N and SV-100-N (75 psig set point) can individually 
protect the dewar from all overpressure scenarios except for 
filling.  PCV-70-N protects the dewar from over filling by shutting 
the fill line when the dewar vapor space pressure exceeds 75 
psig.  The dewar is also equipped with two rupture discs 
designed to open at 105 psig.   

5.) Means, other than the required relief devices, to vent the vessel, 
i.e., blow down valve. 
MV-93-N vents the dewar vapor space to ambient as does RV-
090-N. 

6.) The MAWP of all valves and instruments must be greater than 
or equal to the maximum pressure to which they can be 
exposed. 
The Valve and Instrument list tabulates the maximum pressure 
for all components.  All components have maximum allowable 
pressures above the various relief device set points. 

7.) All valves and instruments which can communicate with 
cryogens in trapped volumes must be protected with trapped 
reliefs. 
SV-90-N, SV-96-N, SV-97-N, and SV-98-N, relieve the possible 
trapped volumes. 

 
B) STANDARD PRACTICES 
 

1.) Differential pressure liquid level gauge with isolation valves and 
a calibration checking feature such as a 3 valve manifold. 
DPI-100-N along with MV-85-N, MV-86-N, and MV-87-N meet 
this criteria. 

2.) Isolation valve for the pressure gauge 
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MV-80-N isolates PI-100-N. 

3.) Full trycock valve. 
MV-94-N is the full trycock valve. 

4.) Primary pressure regulation device other than required relief 
devices. 
The regulator RV-90-N vents tank pressure in excess of 40 psig. 

5.) Vacuum gauge on vessel. 
MV-91-V isolates a PE-91-V which is a vacuum gauge tube. 

6.) Vacuum pumpout valve, capped off to prevent inadvertent 
opening. 
MV-90-V isolates the vacuum space and is capped off.  

7.) Drain valve on fill line. 
MV-91-N allows the fill line to be drained. 

8.) Pressure building coil. 
RV-36-N controls the pressure building loop. 

 
C) SUGGESTED PRACTICES 
 

1.) Isolation valves at both ends of pressure building loop. 
MV-88-N, MV-89-N, MV-95-N, and MV-96-N isolate the 
pressure building loop. 

2.) Isolation valve for vacuum gauge. 
MV-91-V isolates the vacuum gauge port. 

3.) Top and bottom fill valves. 
MV-92-N is the bottom fill valve.  There is no top fill valve. 

4.) Liquid and gas withdrawal valves. 
MV-97-N/MV-100-N  provide liquid withdrawal.  Gas withdrawal 
for use inside PAB will be added at a later date.   

5.) Strainer on liquid fill line. 
There is a strainer present (S-91-N). 

6.) Check valve on liquid fill line. 
Check valve CV-90-N prevents the dewar from draining thru the 
fill line. 

7.) Filters on vacuum pumpout and line gauge. 
These are not present. 
 
 

5.0 PIPING 
A) MANDATORY PROVISIONS 

 
1.) Standoffs to a carbon steel vacuum jacket must ensure an 

acceptable temperature of the vessel. 
Vessel was designed to ASME code and has operated for years 
without any vacuum jacket issues. 

2.) Thermal stresses must be taken into account in designing 
piping and piping supports. 
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The piping attached to the dewar was used successfully at PS1 
in its current configuration.   

3.) All piping which can be exposed to the vessel pressure must 
have an MAWP greater than or equal to the vessel MAWP. 
The dewar piping consists of 3 different sizes of stainless steel 
pipe, all with a safe working pressure far above the dewar 
MAWP of 75 psig. 

4.) All piping which can be exposed to the tanker delivery pressure 
must have a MAWP greater than or equal to the tanker delivery 
pressure or must be adequately protected from overpressure. 
PCV-70-N shuts off when the tank vapor space pressure 
reaches 75 psig.  The fill line is 1.900 inch OD with 1.682 inch 
ID stainless steel pipe with a maximum pressure of 2083 psi.  
The tanker truck can only deliver 400 psig, thus the supply 
piping is safe. 

5.) All piping which can be exposed to cryogens in trapped volumes 
must be protected with trapped volume reliefs without an 
intervening shut-off valve.  
SV-90-N, SV-96-N, SV-97-N, and SV-98-N relieve the possible 
trapped volumes. 

6.) Any portions of the piping system which were not part of the 
initial vessel pressure test or were modified since that test must 
be pressure tested in accordance with the rules of Fermilab 
Safety Manual section 5034.  For purposes of the pressure test, 
the MAWP of piping is taken as the maximum pressure to which 
the piping can be exposed consistent with 4.), 5.), and 6.). 
All piping will be pneumatically pressure tested. 

7.) Piping should be in accordance with ANSI B31.3 
The piping is believed to be in accordance with ANSI B31.3. 

 
B) STANDARD PRACTICES 
 

1.) The delivery tanker flow rate and pressure should be taken to 
be 200 gpm and 225 psi, respectively. 

 These values were taken to be 400 gpm and 400 psig based on 
conversations and a fax from BOC.  It is assumed that the Air 
Products tankers have similar specifications.  PCV-70-N 
protects the dewar from the possibility of tanker over pressure. 

2.) All pipe, valves and fittings should be demonstrated free of 
leaks at the vessel’s MAWP. 
All components will be pressure tested except components that 
require the dewar itself to be pressurized.   

 
C) SUGGESTED PRACTICES 
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1.) Stainless steel is the preferred piping material over copper or 

aluminum. 
The piping consists of stainless steel.   

2.) Welded connections should be used whenever possible. 
Welding was used where possible.   

3.) Vacuum jacket the withdrawal line whenever possible. 
The liquid withdrawal line for PAB is vacuum jacketed. 

 
6.0 RELIEF DEVICES: PIPING & INSTALLATION 

 
A) MANDATORY PRACTICES 
 

1.) Consult the ASME, CGA, & API Standards. 
The vessel reliefs were sized according to these standards. 

2.) The liquid container shall be protected by a minimum of two 
relief devices, installed to remain at ambient temperature during 
normal operation.  Typically these devices would be one relief 
valve and one burst disc, although two relief valves would be 
acceptable if all other conditions are met. 
The dewar has two sets of relief devices, which consist of a 
relief valve paired with a rupture disc.  A diverter valve 
separates them such that either one pair or both pairs relieve 
the vessel.   

3.) The exhaust of liquid nitrogen reliefs and vents should not 
impinge on carbon steel vacuum jacket(s) or into areas which 
may cause harm to people. 
The relief discharges are directed upwards. 

4.) The primary safety relief valves shall be UV stamped and shall 
meet the applicable requirements of ASME Code Section VIII.  
Both relief valves are code stamped and were sent out and 
recertified within the last year. 

5.) The design, material, and location of relief devices shall be 
suitable for their intended service.  The primary reliefs shall 
have direct communication with the vapor space of the 
container and shall be so installed that the cooling effects of the 
contents will not prevent their operation.   Either SV-99-N & RD-
99-N or SV-100-N and RD-100-N are connected to the dewar 
vapor space at all times.  Several feet separates them from LN2 
contact, thus they remain warm while not in operation. 

6.) The vent piping shall be designed to prevent accumulation of 
moisture at the exhaust and seat area of the relief devices, and 
to avoid build-up of foreign material which might effect relief 
capacity.  The relief valves and rupture discs have flappers that 
protect them from foreign material.   

7.) The inlet and vent piping of relief devices must provide for 
proper performance by taking into account the effect of inlet 
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pressure losses and back pressure on the operating 
characteristics of the valve.  The nominal size of the inlet and 
discharge piping and fittings connecting to the pressure relief 
devices shall be at least equal to the nominal size of the 
respective ports of the relief devices.  Where they are a number 
of devices discharging into the same manifold, an analysis must 
be made of the back pressure effects on relief pressure an 
capacity.  
See included document that describes relief valve sizing.  All of 
these issues are addressed. 

8.) The effects of mechanical (discharge reactive forces) and 
thermal stresses on relief piping must be examined to assure 
proper operation of the relief system. 
See included document that describes relief valve sizing.  This 
issue is addressed and found to be negligible. 

9.) Relief devices should be designed and installed so that the 
possibility of tampering will be minimized. 
It would take a wrench to tamper with the dewar reliefs. 
 

B) SUGGESTED PRACTICES 
 

1.) The relief system should consist of two sets of two relief devices (one 
relief valve and one burst disk) with a diverter valve (adequately sized) 
and a test valve on each side for set point checking. 
The relief system consists of two sets of two relief devices with a diverter 
valve.  MV-101-N and MV-99-N allow for relief valve set point testing. 
 

7.0 Relief Device: Sizing 
 

D) MANDOTORY PROVISIONS 
 

1.) Relief device sizing must satisfy each of the provisions that 
follow. 
Relief devices were sized according to CGA & API standards. 

2.) Size the reliefs of the lading vessel for the following failures: 
a) Loss of insulating vacuum using the CGA formula. 

The fire case includes loss of insulating vacuum.  The 
relief valve is adequate for fire with a loss of insulating 
vacuum, thus it is adequate for loss of insulating 
vacuum without fire.    

b) Fire condition using CGA formula 
The fire condition requires 122 SCFM AIR and the 
relief valve can deliver 731 SCFM. 

c) Pumping overfill….precautions should be taken to 
prevent the development of pressure in excess of 
116% of the dewars MAWP. 

A) 
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PCV-70-N shuts off the fill line in 30 ms when the 
dewar vapor space pressure is equal to 75 psig. 

d) Regulator failure on pressure building coil.  Consider 
a wide open regulator, pressure drop in the piping and 
maximum heat influx, look at the maximum flow rates 
possible with the liquid head as the driving force. 
Using the simple and very conservative assumptions 
that the only liquid flow restriction is the regulator and 
all liquid turns to vapor, the pressure building flow rate 
was found to be 192 SCFM which is far short of the 
relief valve capacity of 731 SCFM.   

e) Pressurization from external sources. 
This system is not in communication with any other 
systems that could over pressurize it. 

3.) Marked set pressure for the relief devices on the lading vessel 
shall be determined as follows: 
The relief valve is set at 75 psig and can handle all conditions 
including fire at 110% (MAWP + 15 psi) – 15 psi.  The stamped 
rupture disk is set at 105 psig which is less than 150% (MAWP 
+15 psi) – 15 psi. 

4.) Size the reliefs for the vacuum jacket according to the CGA 
standard.   
The included relief valve sizing document shows that the 
vacuum relief requirement is 3.7 in2 which is << than the 7.1 in2 
area available. 

5.) Set pressure for the relief devices on the vacuum 
jacket….should be fully open at a pressure not exceeding the 
internal design pressure of the outer shell. 
Vacuum relief is a parallel plate without springs.  It should open 
at slightly above atmospheric pressure.   

6.) Incorporate entrance and exit losses into pressure drop and 
capacity calculations. 
The included relief valve sizing document shows that the 
entrance losses are less than the 3% API recommendation. 

7.) Size for gas or liquid flow thru safety devices using API 
recommendations. 
The included relief valve sizing document shows that for gas 
flow under sonic conditions, the relief valves are adequately 
sized.  Liquid sizing was not done because there is no credible 
scenario where the reliefs vent liquid. 

8.) Size for flashing conditions using API recommendations: 
Not applicable because a scenario involving liquid relief is not 
credible. 

9.) Trapped volume reliefs should be of adequate capacity to 
prevent overpressure due to ambient heat input. 
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Trapped volume reliefs were sized for fire conditions, thus they 
can handle ambient conditions. 
 

7.0 General 
 

E) MANDOTORY PROVISIONS 
 

1.) All dewars “Out-of-Service” must be locked out to prevent 
inadvertent filling.  The key combination for this lock should be 
controlled by the responsible party.  A sign indicating “Dewar 
Out of Service – DO NOT FILL” should be prominently 
displayed. 
Currently the dewar fill connection has been removed. 

2.) All dewars must be labeled “LIQUID NITROGEN” and marked 
with their dewar number. 
This provision has been met. 

3.) All dewars must be labeled with the MAWP, the dewar capacity, 
the maximum fill level, and a telephone number which can be 
called to obtain assistance. 
A sign will be posted soon. 

4.) All valves used during filling must be labeled with descriptive 
function tags. 
Tags will be added to the valves soon. 

5.) All gas or liquid withdrawal valves must be labeled with 
descriptive function tags.  
Tags will be added to the valves soon. 

6.) Dewars must be adequately protected from vehicular damage.  
The dewar is protected by large shielding blocks. 

7.) The fill connection must be adequately supported. 
This provision has been met. 

8.) Dewars must be adequately supported and restrained. 
This provision has been met. 

 
STANDARD PRACTICES 
 
1.) Lettering for 8.0 A) 2.) should be 6” high. 

The lettering is 6” high.   
2.) The liquid level indicator and pressure gauge must be in 

sight of the fill connection and be “redlined” at the maximum 
operating values. 
The liquid level indicator is within sight of the fill connection, 
anf the shut off valve protects from over filling. 

3.) A fill procedure should be attached to the dewar in a 
weatherproof fashion. 
This will be done in the future. 

A) 

B) 
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4.) A flow schematic which includes the normal operating 

pressure and capacities and settings of relief devices should 
be attached to the dewar in a weather proof fashion. 
This will be done in the future once the piping arrangement 
is approved. 

5.) The area at the fill connection and instrumentation used 
during the filling should be adequately lighted. 
The dewar is out in the open and adequately lit. 

6.) The fill connection should be the CGA standard 1-1/2” 2.4 
stub Acme thread. 
This provision has been met.  The fill connection is a 
stainless steel fitting. 

7.) All valves, reliefs, and nozzles should be labeled with valve 
numbers. 
Brass tags are tied to most valves and will be added to all 
valves soon. 
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3.5d – LN2 Dewar Fill Line Pressure Test Documentation 
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N2 Vent Valve 
Whitey B-1VM4-F4 
3000 psig 
 

Test Gauge 
USG 0-600 psi 
600 psig max 
 

PI 

Relief valve 
Anderson Greenwood 
83MS46-4 
2000 psig max 
500 psig set point 
 
 
 Regulator  

Isolation Valve 
Matheson LMM4346P 
3000 psig 
 

Bottle Regulator 
Matheson B16 
3000 psig max 
 
 

Components to be 
pressure tested 

¼” copper tube 

Test Section Isolation valve 
Matheson FT4374 
3000 psig 

Schematic and component ratings for pressure test of 
PAB LN2 dewar fill line. 
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Pressure Test Procedures for PAB Nitrogen Dewar Fill Line.   

 
 
1. CLOSE MV-92-N, MV-91-N. 

 
2. Plug the exhaust of relief valve SV-90-N. 

 
3. Connect a 1/4” copper tube into dewar fill connection using the adaptor to 

connect to the standard CGA fitting. 
 

4. Run the tube to the safe location inside PAB 
 

5. Connect tube to test manifold.   
 

6. Pressurize system to 25 psi.  Valve off supply and observe test pressure 
gauge.  If pressure holds at 25 psi for 10 minutes, proceed to next step.  If 
leaks occur at this step, fix the leaks.  Then resume testing at step 7.   

 
7. Gradually increase the pressure to 150 PSI.  Valve supply off and make 

sure pressure does not fall.  Fixing any leak above 25 PSI requires the 
system to be depressurized and the procedure resumed at step 7. 

 
8. Gradually increase the pressure in increments of 50 PSI up to 440 PSI.  

Pause for 2 minutes at each increment and valve off the supply to make 
sure the pressure does not fall and indicate a leak.  If leaks are found, 
depressurize system and fix the leaks.  Then repeat steps 7 thru 11 

 
9. At 440 PSI, hold the pressure for 10 minutes. 

 
10. Lower pressure to 100 psig and inspect all joints by the soap bubble 

method.   
 

11. If leaks are found, depressurize system and fix the leaks.  Then repeat 
steps 7 thru 11.  If no leaks are found, depressurize system and 
disconnect test apparatus.   
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3.5e – LN2 Transfer Line Pressure Test Documentation 
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Components to be 
pressure tested 

¼” black poly 

Schematic and component ratings for pressure test of PAB LN2 transfer line. 
 

N2 Vent Valve 
Whitey B-1VM4-F4 
3000 psig max 
 

Test Gauge 
USG vac-0-300 psi 
300 psig max 
 
 PI 

Relief valve 
Anderson Greenwood 
83MS46-4 
2000 psig max 
135 psig set point 
 
 
 Regulator  

Isolation Valve 
Matheson LMM4346P 
3000 psig max 
 

Bottle Regulator 
Matheson #3020-580 
3000 psig max 
 
 

Test Section Isolation valve 
Matheson FT4374 
3000 psig max 
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Pressure Test Procedures for PAB Nitrogen Dewar Fill Line.   
 

 
1. CLOSE MV-100-N. 

 
2. OPEN MV-119-N, MV-120-N. 

 
3. Plug the exhaust of relief valves PSV-117-N2, PSV-118-N2, PSV-101-N. 

 
4. Connect a 1/4” copper tube into the hose intended for future LN2 usage. 

 
5. Run the tube to the safe location inside PAB. 

 
6. Connect tube to test manifold.   

 
7. Pressurize system to 25 psi.  Valve off supply and observe test pressure 

gauge.  If pressure holds at 25 psi for 10 minutes, proceed to next step.  If 
leaks occur at this step, fix the leaks.  Then resume testing at step 7.  
Monitor insulating vacuum pressure.   

 
8. Gradually increase the pressure to 50 PSI.  Valve supply off and make 

sure pressure does not fall.  Fixing any leak above 25 PSI requires the 
system to be depressurized and the procedure resumed at step 7. Monitor 
insulating vacuum pressure. 

 
9. Gradually increase the pressure in increments of 10 PSI up to 110 PSI.  

Pause for 2 minutes at each increment and valve off the supply to make 
sure the pressure does not fall and indicate a leak.  If leaks are found, 
depressurize system and fix the leaks.  Then repeat steps 7 thru 11. 
Monitor insulating vacuum pressure. 

 
10. At 110 PSI, hold the pressure for 10 minutes. Monitor insulating vacuum 

pressure. 
 

11. Lower pressure to 25 psig and inspect all joints by the soap bubble 
method.   

 
12. If leaks are found, depressurize system and fix the leaks.  Then repeat 

steps 7 thru 11.  If no leaks are found, depressurize system and 
disconnect test apparatus.   
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3.5f – LAr Transfer Line Pressure Test Documentation 
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Components to be 
pressure tested 

¼” copper tube 

Schematic and component ratings for pressure 
test of PAB LAr transfer line. 
 

N2 Vent Valve 
Whitey B-1VM4-F4 
3000 psig 
 

Test Gauge 
USG 0-200 psi 
600 psig max 
 

PI 

Relief valve 
Anderson Greenwood 
83MS46-4 
2000 psig max 
500 psig set point 
 
 
 Regulator  

Isolation Valve 
Matheson LMM4346P 
3000 psig 
 

Bottle Regulator 
Matheson 3020-580 
3000 psig max 
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Components to be 
pressure tested 

¼” copper tube 

Schematic and component ratings for pressure 
test of PAB LAr transfer line. 
 

N2 Vent Valve 
Whitey B-1VM4-F4 
3000 psig 
 

Test Gauge 
USG 0-200 psi 
600 psig max 
 

PI 

Relief valve 
Anderson Greenwood 
83MS46-4 
2000 psig max 
500 psig set point 
 
 
 Regulator  

Isolation Valve 
Matheson LMM4346P 
3000 psig 
 

Bottle Regulator 
Matheson B16 
3000 psig max 
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Pressure Test Procedures for PAB Argon Transfer Line.   
 

 
1. CLOSE MV-204-Ar, MV-218-Ar, MV-365-V, MV-366-V, MV-480-HAr, MV-

461-HAr, MV-239-Ar, MV-244-Ar.. 
 

2. OPEN MV-213-Ar, MV-217-Ar, MV-202-Ar, MV-208-Ar. 
 

3. Plug the exhaust of relief valves PSV-203-Ar, PSV-219-Ar, PSV-249-Ar, 
PSV-250-Ar. 

 
4. Connect a 1/4” copper tube into one of the high pressure stockroom dewar 

connections.  Plug the other 3 connections. 
 

5. Run the tube to the safe location inside PAB. 
 

6. Connect tube to test manifold.   
 

7. Pressurize system to 25 psi.  Valve off supply and observe test pressure 
gauge.  If pressure holds at 25 psi for 10 minutes, proceed to next step.  If 
leaks occur at this step, fix the leaks.  Then resume testing at step 7.   
Monitor insulating vacuum pressures during entire test. 

 
8. Gradually increase the pressure to 150 PSI.  Valve supply off and make 

sure pressure does not fall.  Fixing any leak above 25 PSI requires the 
system to be depressurized and the procedure resumed at step 7. 

 
9. Gradually increase the pressure in increments of 50 PSI up to 440 PSI.  

Pause for 2 minutes at each increment and valve off the supply to make 
sure the pressure does not fall and indicate a leak.  If leaks are found, 
depressurize system and fix the leaks.  Then repeat steps 7 thru 11 

 
10. At 440 PSI, hold the pressure for 10 minutes. 

 
11. Lower pressure to 100 psig and inspect all joints by the soap bubble 

method.   
 

12. If leaks are found, depressurize system and fix the leaks.  Then repeat 
steps 7 thru 11.  If no leaks are found, depressurize system and 
disconnect test apparatus.   
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3.5g – “Luke” Materials Lock Bellows and Gate Valve Pressure Test 
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Components to be 
pressure tested 

¼” black poly tube 

Schematic and component ratings for pressure test of “Luke” bellows and gate valve. 
 

N2 Vent Valve 
Whitey B-1VM4-F4 
3000 psig max 
 

Test Gauge 
USG Vac-0-300 psig 
 

PI 

Relief valve 
Anderson Greenwood 
83MS46-4 
2000 psig max 
135 psig set point 
 
 
 Regulator  

Isolation Valve 
Matheson LMM4346P 
3000 psig max 
 

Bottle Regulator 
Matheson #3020-580 
3000 psig max 
 
 

Relief outlet capped with KF blank with pressure retaining ring 

These components are 
disconnected 

MV-254-V - Gate Valve 
Norcal GVM-6002-CF 
~74 psig max 
 

MV-290-Ar – Isolation valve 
Swagelock SS-4BG-V51 
1000 psig max 
 

PSV-313-Ar – Relief valve  
Circle Seal 500-8MP 

1000 psig max 
 

PT-185-V and PT-186-V are conflat 
equipped vacuum transmitters that can 
handle several atmospheres of positive 

pressure. 
 

MV-256-Ar - Isolation Valve 
Swagelock SS-4BG-V51 
1000 psig max 
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Pressure Test Procedures for “Luke” bellows pressure test   
 

 
1. CLOSE MV-254-V and MV-290-Ar.   

 
2. OPEN MV-256-Ar. 

 
3. Plug the exhaust of relief valve PSV-313-Ar with a KF blank off and a 

pressure retaining ring. 
 

4. Disconnect vent piping from MV-256-Ar and connect a 1/4” black poly 
tube. 

 
5. Run the tube to the safe location inside PAB. 

 
6. Connect tube to test manifold.   

 
7. Pressurize system to 10 psi.  Valve off supply and observe test pressure 

gauge.  If pressure holds at 10 psi for 2 minutes, proceed to next step.  If 
leaks occur at this step, fix the leaks.  

 
8. Gradually increase the pressure in increments of 5 PSI up to 38.5 PSI.  

Pause for 2 minutes at each increment and valve off the supply to make 
sure the pressure does not fall and indicate a leak.  If leaks are found, 
depressurize system and fix the leaks.  Then repeat previous step. 

 
9. At 38.5 PSI, hold the pressure for 10 minutes. 

 
10.   Depressurize system. 
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MV-254-V 
 
MV-254-V is a Norcal manually operated viton seal vacuum gate valve constructed from 304 
stainless steel.  The valve attaches to the cryostat using 8 inch conflat flanges.  The valve was 
chosen to create a large aperture for passing materials thru that can be sealed.  The valve is not 
rated by Norcal for positive internal pressure.  
 
The structurally weakest part of the valve appears to be large flat rectangular panel between the 
conflat flange and the thick end flange that holds the actuating mechanism.  To investigate the 
stress in this part, the section was analyzed as an unstayed flat head per section UG-34 of the 
ASME code.   
 
The maximum pressure for this valve can be calculated from 
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t =  minimum required thickness of the flat heat. 
 
d =  length of short span, = 6 inches. 
 
D =  long span of noncircular heads measured perpendicular to short span, = 7 9/16 inches. 
 
Z = factor of noncircular heads and covers that depends on the ratio of the short span to the 

long span 
 
C =  a factor depending upon the method of attachment of head, = 0.33 from Figure UG-34. 
 
P =  internal design pressure, 35 psi. 
 
S =  maximum allowable stress value in tension, = 18,800 psi for 304 SS. 
 
E =  joint efficiency from Table UW-12, taken as 0.5 to be conservative. 
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The maximum pressure this valve housing should see is 8.3 psid internal based on the large flat 
section. 
 
The side of the valve consists of a strip of 1/8 inch thick stainless steel that measures 1.125” (d) x 
13” (D).  Applying the above equations gives an estimate of the strength of the maximum 
pressure this part of the valve body can withstand.   
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The valve body is only pressurized if the valve is open.  Otherwise the valve body is sealed off 
from the vapor space of Luke.  When the valve is open, excess pressure is vented thru PSV-313-
Ar which is set at 6 psig.  However, PSV-313-Ar has less capacity then PSV-210-Ar.  To ensure 
the valve body does not rupture if the gate valve is open when warm material is submerged into 
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the liquid argon, it is strengthened by encasing the housing in 1/2 inch thick 6061-T6 Aluminum 
which as an ASME allowable stress of 10,500 psi.  Applying the above equation again, an 
estimate is made for the strength of this housing    
 

! 
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= 73.9psi .  This exceeds the 35 psig relief valve set point.   
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3.5h - LN2 Dewar Piping Pressure Test 
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  Revised 3/2001 

 

Fermilab
  

 

Date: 6/15/07 
EXHIBIT B 

Pressure Testing Permit* 
 
Type of Test:  [ ]Hydrostatic  [X] Pneumatic 
. 
Test Pressure 100 psig Maximum Allowable Working Pressure 400 psig 
 
Items to be Tested 
Test to be performed on the PAB liquid nitrogen piping.  Refer to attached sketch. Section to be tested is 
highlighted in red.  See table in sketch for component pressure ratings.  This is mainly a leak check. 
 
 
Location of Test PAB Date and Time TBD 
 
Hazards Involved 
Remote possibility of pipe, weld, or component failure releasing the energy of compressed nitrogen.  Component 
ratings are in sketch.  Lowest rated component is rated at 400 psig.   
 
 
Safety Precautions Taken 
Test area will be roped off.  
 
 
 
Special Conditions or Requirements 
 
 
 
 
Qualified Person and Test Coordinator Terry Tope 
Dept/Date PPD/ 
  
Division/Section Safety Officer Martha Heflin 
Dept/Date PPD/ 
 
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. 
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N2 Vent Valve 
Whitey B-1VM4-F4 
3000 psig 
 

Test Gauge 
USG vac-0-300 psi 
300 psig max 
 

PI 

Relief valve 
Anderson Greenwood 
83MS46-4 
2000 psig max 
135 psig set point 
 
 
 Regulator  

Isolation Valve 
Matheson LMM4346P 
3000 psig 
 

Bottle Regulator 
Matheson 3020-580 
3000 psig max 
 
 

Components to be pressure tested 
½ inch SCH 40 SS rated at 4600 psig 

¼” black poly tube 

Test Section Isolation valve 
Matheson FT4374 
3000 psig 

Schematic and component ratings for 
pressure test of PAB LN2 dewar piping. 
 

Break piping union here and pressurize 
piping thru adaptor.  Dewar will not be 

pressurized.  
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Pressure Test Procedures for PAB Nitrogen Dewar Piping 

 
 
1. CLOSE MV-97-N, MV-107-N, and MV-89-N. 

 
2. Plug the exhaust of relief valves SV-96-N, SV-97-N, and SV-98-N. 

 
3. OPEN MV-95-N, MV-96-N, and MV-88-N. 

 
4. Connect a 1/4” black poly tube into liquid withdrawal line after opening 

piping union and connecting union to compression adaptor.   
 

5. Run the tube to the safe location away from the piping. 
 

6. Connect tube to test manifold.   
 

7. Pressurize system to 25 psi.  Valve off supply and observe test pressure 
gauge.  If pressure holds at 25 psi for 5 minutes, proceed to next step.  If 
leaks occur at this step, fix the leaks.  Then resume testing at step 7.   

 
8. Gradually increase the pressure in increments of 25 PSI up to 100 PSI.  

Pause for 2 minutes at each increment and valve off the supply to make 
sure the pressure does not fall and indicate a leak.  If leaks are found, 
depressurize system and fix the leaks.  Then repeat steps 7 thru 10. 

 
9. At 100 PSI, hold the pressure for 10 minutes. 

 
10. Lower pressure to 25 psig and inspect all joints by the soap bubble 

method.   
 

11. If leaks are found, depressurize system and fix the leaks.  Then repeat 
steps 7 thru 10.  If no leaks are found, depressurize system and 
disconnect test apparatus.   
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3.5i – “Bo” High Voltage Feed Thru Pressure Test 
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Fermilab ES&H Manual  5034TA-2 
  Revised 3/2001 

 

5/8 inch diameter stainless steel rod 

HDPE cylinder 

1.375 inch OD, 0.035 inch wall, stainless 
steel tube.  Rated for 853 psi. 

High pressure water supplied by hydraulic test apparatus.   

The 5/8 inch diameter stainless steel rod is shrunk fit into 
the HDPE cylinder.  The HDPE cylinder and rod are then 
shrunk fit into the outer stainless steel tube.  The test will 
investigate at what point the force created by the 
pressure overcomes the press fit resistance. 

Determine the pressure at which this seal fails.  Increase 
pressure slowly in increments of 25 psig up to 105 psig.  If 
the seal holds for 5 minutes at 105 psig, then increase the 
pressure in increments of 50 psig until failure.   

Bucket to contain water leaks 
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3.5j – “Bo” Signal Feed Thru Pressure Test 
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Terry,
I have reviewed this as well and you may go forward with the test.  Jim may serve as the witness and sign the form as my designee.

Martha
----- Original Message ----- From: "Terry Tope" <tope@fnal.gov>
To: "Martha Heflin" <martha@fnal.gov>
Sent: Wednesday, May 14, 2008 5:13 PM
Subject: Another pressure test

Hi Martha - Attached is a permit for a hydrostatic test I want to
perform on a custom feed thru flange fabricated by Fermilab.  The
test will be very similar to the one you witnessed recently.

Attached is a picture of what will be tested.  The blue epoxy is what
we plan to test to failure.

Regards,

Terry E Tope
Fermi National Accelerator Laboratory
PO Box 500 MS 219
Batavia IL 60510

p630.840.2666
f630.840.3694
tope@fnal.gov

From: Martha Heflin <martha@fnal.gov>
Subject: Re: Another pressure test

Date: May 15, 2008 9:18:18 AM CDT
To: Terry Tope <tope@fnal.gov>
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3.5k – “Bo” LAr Piping Pressure Test 
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Terry Tope 
5.14.08 

 

Components to be 
pressure tested 

¼” copper tube 

Schematic and component ratings for pressure 
test of PAB “Bo” LAr transfer line. 
 

Ar Vent Valve 
Whitey B-1VM4-F4 
3000 psig 
 

Test Gauge 
USG 0-600 psi 
600 psig max 
 

PI 

Relief valve 
Anderson Greenwood 
83MS46-4 
2000 psig max 
500 psig set point 
 
 
 Regulator  

Isolation Valve 
Matheson LMM434BP 
3000 psig 
 

Bottle Regulator 
Matheson 3020 series 
3000 psig max 
 
 

Vacuum isolation 
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Pressure Test Procedures for PAB “Bo” Argon Transfer Line.   
 

 
1. CLOSE MV-379-Ar, MV-239-Ar, MV-480-HAr, MV-208-Ar, and MV-244-

Ar. 
 

2. OPEN MV-365-V. 
 

3. Plug the exhaust of relief valve PSV-250-Ar. 
 

4. Connect a 1/4” copper tube MV-365-V 
 

5. Run the tube to the safe location inside PAB. 
 

6. Connect tube to test manifold.   
 

7. Evacuate the piping and back fill with bottle argon three times.  
Pressurizing the system to 10 psig each time.   

 
8. Pressurize system to 25 psi.  Valve off supply and observe test pressure 

gauge.  If pressure holds at 25 psi for 10 minutes, proceed to next step.  If 
leaks occur at this step, fix the leaks.  Then resume testing at step 7.   
Monitor insulating vacuum pressures during entire test. 

 
9. Gradually increase the pressure to 150 PSI.  Valve supply off and make 

sure pressure does not fall.  Fixing any leak above 25 PSI requires the 
system to be depressurized and the procedure resumed at step 7. 

 
10. Gradually increase the pressure in increments of 50 PSI up to 440 PSI.  

Pause for 2 minutes at each increment and valve off the supply to make 
sure the pressure does not fall and indicate a leak.  If leaks are found, 
depressurize system and fix the leaks.  Then repeat steps 7 thru 11 

 
11. At 440 PSI, hold the pressure for 10 minutes. 

 
12. Lower pressure to 100 psig and inspect all joints by the soap bubble 

method.   
 

13. If leaks are found, depressurize system and fix the leaks.  Then repeat 
steps 7 thru 11.  If no leaks are found, depressurize system and 
disconnect test apparatus.   
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4.1a - Relief Valve Sizing for the FLARE Materials Test Station and TPC cryostats along with Supporting 
Documentation 
 
 
The pressure relief devices for the FLARE Materials Test Station Cryostat and TPC cryostat were sized according to the 
Compressed Gas Association’s CGA S-1.3—1995 document.  This document is entitled, “Pressure Relief Device 
Standards Part 3—Stationary Storage Containers for Compressed Gases.”  In section 4.1.1 it states, “…each container 
shall be provided with a primary system of one or more pressure relief devices and a secondary system of one or more 
pressure relief valves or rupture disks or buckling pin devices.”   
 
These two identical vessels (PPD ID# 10100 and 10101) are each equipped with two pressure relief devices (Luke: 
PSV-210-Ar and RD-302-Ar, Bo: PSV-377-Ar and RD-376-Ar).  The basic vessel geometry is shown in Figure 
4.1a.1.  The relief valves are set at each vessel’s MAWP of 35 psig while the rupture disks are set at 55 psig which 
is slightly less than 150% of MAWP.   
 
Fire Condition (both Luke and Bo) 
 
First the fire condition is considered as it is more difficult to relieve than any other scenario.  To begin the calculation, an 
estimate of the relief capacity required is computed.  This number is then corrected for pressure drop and temperature 
rise in the line that leads to the reliefs if required.  In CGA section 5.3.3 the following equation is used to calculate the 
minimum required flow capacity 
 

82.0
UAFGQ ia =  

where: 
 

U =  Overall heat transfer coefficient to the liquid, 
Ffthr

Btu
o
!!
2

. 

 
F =  Correction factor for pressure drop and temperature rise in line to relief valve. 
 
A =  Average surface area of the inner and outer vessels, 25.90 ft2 (see Figure 4.1a.2 for key dimensions). 
 
Gi =  Gas factor for insulated containers. 
 
Qa =  Flow capacity required at applicable flow rating pressure and 60 oF in cubic feet per minute of free air.   
 
First the overall heat transfer coefficient to the liquid must be computed.  For the fire condition it was assumed that the 
outer vessel is exposed to an environment that is at 1200 oF (922 K) and the vacuum space between the inner and outer 
vessel has been filled with air at atmospheric pressure (air has a higher thermal conductivity than argon).  The inner 
vessel wall will be at the saturation temperature of liquid argon at the flow rating pressure.  The super insulation around 
the inner vessel is ignored because it may deteriorate in a fire.  The relief valve is set at 35 psig.   For the fire condition it 
must be ensured that the pressure does not exceed 121% MAWP.  Thus the flow rating pressure is 1.21(35+15) -15, or 
45.5 psig.  The saturation temperature of liquid argon at 45.5 psig is 185.8 oR (103.2 K).   
 
Several heat transfer mechanisms are considered for the fire condition.  Two separate heat transfer paths are modeled.  
The first path involves convection and radiation from the environment to the vertical sidewalls of the cryostat, conduction 
thru these sidewalls, convection and radiation thru the annular vacuum space while filled with air, and conduction thru the 
inner vessel sidewall into the liquid argon.  The second path considers convection and radiation to the thick top flange of 
the cryostat, conduction thru this flange, and radiation from this flange to the liquid argon.  Convection from the top flange 
to the liquid argon is not considered because the venting gas will not flow in a manner that transfers heat to the surface of 
the cryogen.  The vented gas will intercept some of the heat arriving from the top flange before it reaches the liquid 
surface.   This reduction in heat input is ignored due to the difficulty of calculating heat transfer from a multi-dimensional 
gas flow.  This omission is a conservative assumption.  The two heat transfer paths are only coupled in that they both 
transfer heat into the liquid argon.  Heat transfer to the bottom of the cryostat was considered negligible because the 
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bottom of the cryostat is flush with the concrete floor and will not be exposed to fire.  All heat transfer equations were 
solved simultaneously in EES (Engineering Equation Solver) which provided temperature and pressure dependent fluid 
properties and temperature dependent solid thermal properties.   
 
First the calculations related to path 1 are described.  Figure 4.1a.2 helps relate the equations to the cryostat.  The details 
of the EES computation file are available in the appendix.  The heat rates given in watts are the exact solution given by 
EES.  The equations listed in this document have rounded values that when computed won’t match the listed heat rate 
exactly.   
 
Radiation heat transfer from the environment to the outer vessel vertical walls was modeled as a small convex object in a 
large cavity (Equation 13.27 from Incropera and Dewitt) where 
 

( ) ( )( )( ) ( )[ ] WKKm
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Convective heat transfer to the outer vessel walls was modeled as free convection on a vertical flat plate combining 
equations 9.24, 9.25, and 9.26,  from Incropera and Dewitt 
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Conduction thru the thin stainless steel vacuum jacket is included in the model and the thermal resistance it presents is 
negligible.  Conduction is computed from Incropera and Dewitt’s equation 3.27 which gives the heat transfer rate for radial 
conduction in a cylinder 
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Radiation exchange between the vacuum jacket and the inner vessel was computed using equation 13.25 from Incropera 
and Dewitt which applies to concentric cylinders. 
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The convective heat transfer rate across the thin layer of air in the annular space was determined using equation 4.101 
from A. F. Mills which gives the three correlations for the Nusselt number (shown below) for large aspect ratio enclosures 
with heated and cooled walls and recommends using the largest Nusselt number of the three, which for this case is Nu2. 
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Combining the standard relationships for Nusselt number, Rayleigh number, and the convective heat transfer rate 
equation yields 
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which results in the following when the numbers are plugged in. 
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Conduction thru the thin stainless steel inner vessel wall is included in the model and the thermal resistance is negligible.  
Conduction is computed from Incropera and Dewitt’s equation 3.27 
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The second heat transfer path starts with radiation and convective heat transfer to the top flange of the cryostat.  The 
hardware attached to the top of the flange is ignored.  Although the attached hardware increases the surface area of the 
flange, the contact resistances at the flanged attachment points and the thermal resistance associated with conduction 
thru the thin walls of the stainless steel tubes that support the flanges greatly limit additional heat input into the flange. 
 
Radiation heat transfer to the top and sides of the flange was modeled as a small convex object in a large cavity 
(Equation 13.27 from Incropera and Dewitt) where 
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Convective heat transfer to the top flange is modeled as the upper surface of a cooled plate using equation 9.32 from 
Incropera and Dewitt which results in the following when the Rayleigh number and Nusslet number are plugged into the 
convective heat transfer equation. 
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The radiation and convective heat loads are then conducted thru the top flange which was modeled as 1D conduction 
using the entire cross-sectional area of the flange 
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The heat then radiates from the top flange to the liquid argon.  Heat input will cause vapor to be generated which will flow 
out the relief valve.  At the high rate of vapor generation during a fire, a convection cell transferring heat from the 
underside of the flange to the liquid surface will not form.  Instead, vapor leaving the cryostat will remove heat from the 
flange as it exits.  The vapor being relieved intercepts heat before it reaches the liquid argon.  Due to the difficulty of 
modeling heat transfer that results from a three dimensional gas flow, this interception of heat is ignored which is the 
conservative approach.   
 
Radiation from the top flange to the liquid argon is modeled as exchange between two parallel planes using Incropera and 
Dewitt equation 13.24 where 
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 The combined heat load from both paths is 13744 + 4538 = 18282 W.  For the CGA calculation this must be 
converted to an overall heat transfer coefficient to the liquid.    
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To calculate the initial estimate of the relief capacity needed, a gas factor, Gi, must be computed.  When the flow rating 

pressure is less than 40% of the critical pressure ( %5.8100
4.705

2.60
=!

psia

psia
), the following is used to compute Gi.   
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where 
 

L =  Latent heat of product at flow rating pressure, 63.33
m

lb

Btu
 for saturated conditions at 60.2 psia. 

. 
C =  Constant for vapor related to ratio of specific heats (k=cp/cv) at standard conditions.  k = 1.67 for Argon at 60 oF 

and 14.696 psia which corresponds to C = 378. 
 
Z =  Compressibility factor for saturated vapor at 60.2 psia 

,RT

Pv
Z =  

( )

( )
909.0

8.185
948.39

1545

1447531.02.60
==Z . 

 
T =  Flow rating temperature, 185.8 oR. 
 
M =  Molecular weight of gas, 39.948. 
 

v = specific volume, saturated vapor at flow rating pressure of 60.2 psia, 0.7531
mlb

ft 3
. 

Gi is caluculated to be  
( )

30.9
948.39

8.185909.0

33.63378
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=

!

!

"
. 

 
The uncorrected volumetric flow rate was found to be 
 

min
21990.25633.130.90.1

3

82.0 ft
Qae =!!!=  of free air 

 
The relief valve is attached to the cryostat thru piping of length less than 2 feet, thus the correction factor F does not have 

to be calculated according to CGA section 5.1.4 
  
The primary relief on both cryostats is an Anderson Greenwood Type 81 with the F orifice.  Anderson Greenwood  
 

provides the following sizing formula 

! 

A =
V MTZ

6.32CKP
1

where 

 
A =  required orifice area, in2. 
 
V =  required capacity, 219 SCFM for free air. 
 
M =  molecular weight of gas, 29 for air (The CGA formula converts the required argon mass flow rate to air). 
 
T =  relief temperature, 520 oR for air at standard conditions. 
 
Z =  compressibility factor, 1.0 
 
C =  gas constant based on ratio of specific heats, 356 for air 
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K =  nozzle coefficient, 0.816 (derived from manufacturer testing) 
 
P1 =  inlet flowing pressure, psia = 1.21 x (35 + 15) -15 + 14.7 = 60.2 psia 
 
 
 

2
243.0

2.60816.035632.6

0.152029219
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!!
=  

 
The “F” size Anderson Greenwood relief valves (PSV-210-Ar and PSV-377-Ar) have an orifice of 0.307 in2 which is larger 
than the required 0.243 in2 and thus the relief valves are adequate for the fire condition.   
 
Loss of Vacuum Condition (both Luke and Bo) 
 
Because the fire condition includes atmospheric air in the vacuum space, the fire calculation also indicates the relief 
capacity is more than adequate for an operational loss of insulating vacuum.   
 
Vapor Generation Due to Internal Heaters (both Luke and Bo) 
 
There are three heaters in the Material Test Staton cryostat that can provide heat input into the liquid argon.  Two of the 
heaters are 250 W, and the third heater is 1500 W.  If operated together, they could provide 2000 W of heat into the liquid 
argon.  This is nine times less than the 18282 W considered for the fire condition.  The TPC cryostat contains one 250 W 
pressure building heater.  Thus both of the cryostats are adequately relieved when vapor generation from their respective 
internal electrical heaters are considered.   
 
Vapor Generation Due to the Materials Lock (Luke only) 
 
The Material Test Station cryostat has a unique feature that will allow the insertion of room temperature materials into the 
liquid argon.  Figure 4 details this feature referred to as the materials lock.  The room temperature sample will be placed 
into a basket that resides in an 8 inch conflat cross.  While in the cross, the basket is separated from the cryostat argon 
vapor space by a gate valve.  The cross can either be purged with argon or evacuated before the gate valve is opened. 
This prevents the transfer of atmospheric contamination into the ultra-pure liquid argon in the cryostat.  To lower a sample 
into the cryostat, the gate valve is opened and a rod attached to the top of the basket moves the basket downward.  The 
rod is moved vertically by a screw and stepper motor combination.  The basket is dropped onto a platform that is attached 
to a second screw and stepper motor combination.  The rod then retracts and the gate valve is closed.  As the platform 
lowers the sample into the liquid, both the sample and material basket will generate vapor.  Typically the platform would 
be lowered at a rate that limits the vapor generation to a rate that can be matched by the nitrogen heat exchanger so the 
argon space is closed. If the nitrogen heat exchanger is overpowered, then excess vapor is vented thru a pneumatic valve 
(EP-205-Ar).   PSV-313-Ar set at 10 psig will vent the material lock if the gate valve is open.  As a last resort, the excess 
vapor will vent thru the cryostat relief valve (PSV-210-Ar).  Thus a limit must be imposed on the size of test samples so 
that the relief valve cannot be over powered. 
 
A paper entitled “Nucleate Boiling of Nitrogen, Argon, and Carbon Monoxoide From Atmospheric to Near the Critical 
Pressure” by C. Johler and E. L. Park published in Advances in Cryogenic Engineering Volume 15 contains experimental 
critical heat flux data for liquid argon.  From the paper it appears that the critical heat flux for argon does not exceed 100 
W / in2.   The critical heat flux value for liquid argon is an upper limit for heat input into the liquid.   
 
The material basket was fabricated from sixteen 1/8 inch diameter 304 SS rods, each with a length of 16.5 inches.  The 
surface area of these rods is then π x 0.125 x 16.5 x 16 = 103.7 in2.  The volume of the rods is (π / 4) x 0.1252 x 16.5 x 16 
= 3.240 in3. 
 
A conical strip of metal at the bottom of the basket has a surface area estimated as π x 4.9 x 0.75 x 2 = 23.1 in2 (this 
includes both sides of the strip).  The volume of the strip is estimated as (π / 4) x (4.92 – 4.71252) x 0.1 = 0.142 in3. 
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The surface area of the cylinder at the top of the basket is π x 1 x 1 + (π / 4) x 12 x 2 = 4.71 in2.  Its volume is estimated as 
(π / 4) x 12 x 1 = 0.785 in3. 
 
The small disk at the bottom of the basket has a surface area of (π / 4) x 1.52 x 2 = 3.53 in2 (including both sides).  Its 
volume is   (π / 4) x 1.52 x 0.1 = 0.177 in3. 
 
The surface area of the horizontal strips that make up the door are estimated as (π / 4) x (5.52 – 5.252) x 2 x 2 + π x 5.5 x 
0.125 x 2 + π x 5.25 x 0.125 x 2 = 16.89 in2.  The strips have an approximate volume of (π / 4) x (5.52 – 5.252) x 0.125 x 2 
= 0.528 in3.   
 
The platform the basket rests on has a surface area of (π / 4) x (82 – 4.52) x 2 + π x 8 x 0.375 + π  x 4.5 x 0.375 = 83.4 in2.  
The estimated volume of the platform is (π / 4) x (82 – 4.52) x 0.375 = 12.885 in3. 
 
The 3 bearings and drive mechanism that ride with the platform have a surface area estimated as (π / 4) x (2.162 – 0.52) x 
2 x 4 + π x 2.16 x 1 x 4 = 54.9 in2.  The volume of these components is (π / 4) x (2.162 – 0.52) x 1 x 4 = 13.872 in3. 
 
Thus the total surface area is 290.2 in2.  The total volume of the components that can move in and out of the liquid is 
31.629 in3 of SS 304. 
 
The density of SS 304 is 0.28 lb / in3.  The amount of stainless steel contained in the moving parts is then 31.629 in3 x 
0.28 lb / in3 = 8.86 lb.  SS 304 cooled from 300 K to 87 K rejects about 37,143 J / lb.  Thus the moving parts will input 8.86 
lb x 37143 J / lb = 329,087 J into the liquid argon.   
 
The latent heat of argon is about 73,420 J / lb.  Thus 329,087 J / 73,420 J / lb = 4.48 lb of saturated vapor produced by 
the warm components entering the liquid.  At the 35 psig MAWP of the vessel, the density of vapor is 1.11 lb / ft3.  The 
volume of vapor produced at MAWP is then 4.48 lb / 1.11 lb / ft3 = 4.04 ft3 or 114.4 liters.  In a 250 liter vessel with little 
vapor space, this heat input can significantly increase the vapor pressure and must be relieved.  If the parts could sustain 
critical heat flux, it would take 
 

 

! 

329,087J

1
"

1

290.2in
2
"

in
2

100W
"
1W

1J

1S

=11.34sec    

 
to produce the vapor. 
 
The capacity of the relief valve PSV-210-Ar for cold argon vapor can be calculated in the following manner   
 

! 

W =
ACKP

1
M

TZ
where  

 
A =  orifice area of relief valve, 0.307 in2. 
 
W =  maximum capacity, lb / hr 
 
M =  molecular weight of gas, 40 for argon  
 
T =  relief temperature, 183.57 oR for saturated argon vapor venting at 54.7 psia (110% MAWP) 
 
Z =  compressibility factor, 1.0 
 
C =  gas constant based on ratio of specific heats, 378 for argon 
 
K =  nozzle coefficient, 0.816 (derived from manufacturer testing) 
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P1 =  inlet flowing pressure, psia = 1.10 x (35 + 15) -15 + 14.7 = 54.7 psia 
 
The capacity of the relief valve when venting cold vapor is found to be 
 

! 

W =
0.307 " 378 " 0.816 " 54.7 40

183.57 "1.0
= 2418

lb

hr
. 

 
The latent heat of saturated liquid argon at the relieving pressure of 54.7 psia is 63.88 Btu / lbm.  The mass flow rate is 
multiplied by the latent heat and converted to Watts as follows 
 

! 

2418
lb

hr
" 63.88

Btu

lb
"

1055.06J

Btu
"

1hr

3600sec
= 45269 Watts . 

 
Thus the maximum heat input into the cryostat that can be relieved as cold vapor is 45,269 W.  45,269 W divided by the 
100 W per square inch critical heat flux yields 452.7 square inches of surface area.  The material basket, the platform it 
rides on, and the associated hardware that moves in and out of the liquid has a surface area of 290.2 in2.  Thus material 
samples with a surface area of less then 452.7 – 286.7 = 162.5 square inches cannot overwhelm the relief valve.  A 
procedure will be developed for material insertion. The procedure will require the signature of two people who state that 
they have measured the surface area of the material and that it is less then 162.5 in2.  In the future a material basket with 
less surface area may be constructed.  However, the total surface area of 452.7 square inches for the combined material 
basket and test sample will not be exceeded.   
 
Filling of the Cryostats (both Luke and Bo) 
 
Both cryostats are filled from FNAL stock room high pressure liquid argon dewars.  The reliefs on these 160 liter dewars 
are set at 350 psig.   The flow path from the argon dewars to the cryostats has several restrictions such as valves and 
filters.   Normal filling operation involves cooling down the transfer line by venting the argon just before the cryostat.  Once 
liquid appears at the vent, the flow is then directed into the cryostat.  To simplify the calculations, it is assumed that liquid 
at 350 psig exits the stockroom dewars and enters the cryostat at 35 psig.  Once in the warm cryostat the liquid is 
assumed to completely vaporize and exit as room temperature gas.  This is a very conservative calculation because the 
flashing due to the reduction in pressure from 350 psig to 35 psig will result in a large amount of vapor generation.   The 
amount of vapor generated during this constant enthalpy pressure reduction can be calculated as 
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where the enthalpies are in kJ/kg.  Thus, ignoring any heat input into the transfer line, the vapor will be 30% of the total 
mass flow.  The area occupied by the vapor is therefore substantial and will lead to the actual mass flow rate being much 
smaller than the calculated liquid only flow rate.   
 
Figure 4.1a.3 describes the flow resistance of the valves, fittings, and tubing in the LAr transfer line.  The calculations are 
for the flow path from the supply dewars to Luke.  To get liquid into Bo from the stock room dewars takes an additional 13 
feet of piping.  The restriction provided by this additional length of piping means that the flow rate into Bo will be less than 
that achieved during the filling of Luke.  The flow resistance offered by the orifice and filters is described below.  All 
equations were solved in the EES simultaneous equation solver which computed the mass flow rate based upon the sum 
of the resistances and the known inlet and outlet pressures.  The pressure drop is divided into two parts.  The 1st part is 
the pressure drop across the orifice at the beginning of the transfer line.  The 2nd part of the pressure drop corresponds to 
the loss across the sum of the flow resistances in the transfer line. 
 
The pressure drop across the orifice is calculated from Crane equation 3-19  
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W =1891dorifice
2

C P
1
" P

2( )#LAr  
 
where  
 
W  = the mass flow rate thru the transfer line when filling Luke in lb/hr, calculated as 1436.6 lb / hr. 
 
dorifice  = diameter of the orifice, selected to be 0.122 in. 
 
C  = flow coefficient for orifices and nozzles corrected for velocity of approach, 0.61 based on page A-20 of Crane 

and Reynolds number.  The Reynolds number was calculated from 

! 

Re = 6.31
W

d
1
µ

 where µ = the absolute 

viscosity of liquid argon at the orifice inlet condition, 0.07513 centipoise. 

! 

Re = 6.31
1436.6

0.305 " .07513
= 395596 

 
ρLAr  = density of saturated liquid argon at orifice inlet pressure, 63.39 lb / ft3 

 

P1  = orifice inlet pressure, 364.7 psia. 
 
P2 = orifice outlet pressure, calculated as 254.9 psia 
 
 
There are two filters in the system that create flow resistance.    One filter is a molecular sieve while the other filter is an 
oxygen filter.  The filter materials are loaded into identical housings.  To calculate an equivalent flow resistance for each 
filter, the pressure drop equation for each filter was set equal to the pressure drop equation for discharge of fluid thru pipe.  
The filter pressure drop equation is taken from Union Carbide Molecular Sieve Literature which is available in the 
appendix.  The pipe pressure drop equation used to calculate resistance coefficients (Kfilter) for each filter is Crane 410 
equation 3-19.   
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where 
 

fT  = friction factor determined from the modified Reynolds’s number of 

! 

Re
mod

=
DpG

µ filter

 and plot in the Union Carbide 

literature .   
 
Ct  = pressure drop coefficient determined from plot in Union Carbide literature for external void fraction of 0.37, 3.6 x 

10-10. 
 

G  = superficial mass velocity, 

! 

G =
W

Afilter

=

1436.6
lb

hr

0.0261 ft
2

= 55042
lb

hr " ft
2

 

 
Afilter = cross-sectional area of the filter, 0.0261 ft2 (2.1875 in. ID). 
 
µfilter = liquid argon viscosity, 0.2894 lb/(ft*hr) (saturated liquid at 152.3 psia) 
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Dp = effective particle diameter of filter material, Dp = 0.003693 ft for oxygen, Dp = 0.00666 f. for molecular sieve. 
 
L = length of filter bed, 2.33 ft. 
 
ρfilter = density liquid argon, 73.94 lb / ft3 (saturated liquid argon at 152.3 psia) 
 
Kfilter = resistance coefficient for filter 
 
The modified Reynolds number for each filter is 
 

! 

Re
mod,oxygen =

.003693 ft( )

0.2894
lb

ft " hr

55042lb

hr " ft
2

= 702.3, Re
mod,molecular sieve =

.00666 ft( )

0.2894
lb

ft " hr

55042lb

hr " ft
2

=1267. 

 
Based on the modified Reynolds numbers, fT is about 1.0 for both filters.  The equivalent resistance coefficients are then 
computed as follows 
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The total resistance of the flow path from the point immediately downstream of the orifice to the liquid discharge point in 
the cryostat is then Ktotal = Kelbows + Ktees + Kpipe + Kenlarge + Kcontract + Kexit + Kbends + Kvalves + Koxygen + Kmolecular sieve = 7.68 + 
2.56 + 49.73 + 1.92 + 0.98 +1.0 + 12.02 + 135.5 + 10.32 + 5.72 = 227.4. 
 
The pressure drop due to the various components of the transfer line was found using Crane equation 3-19 
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W =1891d
1

2
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2
" P

3( )# filter
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=1891 0.305( )
2 254.9 " 49.7( )73.94

227.4
=1437
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Thus the total mass flow rate into the cryostat from a 350 psig argon source is 1437 lb/hr.  This is a very conservative 
upper limit because 30% of the mass flow will be vapor which will greatly reduce the total mass flow rate.  Added to this 
already conservative calculation is the assumption that the vapor generated by the liquid vaporized by a warm cryostat 
vents thru the relief valve at room temperature.   
 
Anderson Greenwood provides the following sizing formula to determine the required orifice area A when the vapor mass 
flow rate is known: 
 

! 

A =
W TZ

CKP
1
M

 where 

 
A  = required orifice area, in2. 
 
W  = required capacity, 1437 lb/hr (maximum liquid flow rate thru transfer line) 
 
M  = molecular weight of gas, 40 for argon  
 
T  = relief temperature, 520 oR for air at standard conditions. 
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Z  = compressibility factor, 1.0 
 
C  = gas constant based on ratio of specific heats, 378 for argon 
 
K  = nozzle coefficient, 0.816 (derived from manufacturer testing) 
 
P1  = inlet flowing pressure, psia = 1.10 x (35 + 15) -15 + 14.7 = 54.7 psia 
 

The required orifice area is therefore 

! 

A =
1437 520 "1.0

378 " 0.816 " 54.7 40
= 0.307 in

2. 

 
The “F” size Anderson Greenwood relief has an orifice of 0.307 in2 which is equal to the required 0.307 in2 and thus the 
relief valve is adequate for the filling condition described by this very conservative calculation.   
 
If the cryostat is full of liquid and liquid is forced out the relief valve, then Anderson Greenwood recommends the following 
sizing formula for determining liquid capacity. 
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A =
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38KK
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W
K
V

P
A
" P

B

 where 

 
A  = required orifice area, in2. 
 
K  = nozzle coefficient, 0.816 (derived from manufacturer testing). 
 
PA  = inlet flowing pressure, psig = 1.10 x (35 + 15) -15 = 40 psig. 
 
Pb = back pressure, 0 psig. 
 
VL  = required capacity, GPM.  Density of saturated liquid argon at inlet pressure of 40 psig is 81.18 lb / ft3.  

Converting units yields 
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1437
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"
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G = Specific gravity, 

! 

G =
" LAr

"H 2O

=

81.18
lb

ft
3

62.38
lb

ft
3

=1.30 . 

 
KW = back pressure correction factor, 1.0. 
 
KV = viscosity correction factor, based on plot from AgCo literature and Reynolds number R.   

! 

R =
V
L
2800G( )
µ A

 where µ = 0.1757 cp for liquid argon saturated at 40 psig and A = 0.307 in2 for the relief valve 

orifice area.  Thus 

! 

R =
2.2 2800 "1.30( )
0.1757 0.307

= 82259  and from plot KV = 1.0 

 
Kp = overpressure correction factor, 1.0. 
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The required orifice area for relieving liquid from the cryostat during filling is then 

! 

A =
2.2 1.30

38 0.816( )1.0 1.0( )1.0 40 " 0
= 0.0128 in

2  and the selected relief valve orifice area is adequate.   

 
 
Introduction of bleed up and contamination gas (both Luke and Bo) 
 
As part of the contamination study program, gas phase impurities will be introduced into the Material Test Station cryostat.  
Typically, certified bottles of gas will be purchased from vendors such as 100 ppm nitrogen in argon.  A sample bottle of 
known size will be pressurized to a known pressure and then the gas will be introduced into the cryostat.  Two high purity 
bottle regulators have been purchased for this application.  One is a Parker Veriflow 735 bottle regulator with a Cv of 0.04.  
The other is a Matheson 9460 series with a Cv of 0.05.   
 
For room temperature argon gas with a small amount of contamination, the flow capacity of the relief valve is computed 
using the equation supplied by Anderson Greenwood:   
 

! 

V =
6.32ACKP1

MTZ
 where 

 
A =  orifice area, 0.307 in2. 
 
V =  relief valve capacity, SCFM argon 
 
M =  molecular weight of gas, 40 for argon  
 
T =  relief temperature, 520 oR for argon at standard conditions. 
 
Z =  compressibility factor, 1.0 
 
C =  gas constant based on ratio of specific heats, 378 for argon 
 
K =  nozzle coefficient, 0.816 (derived from manufacturer testing) 
 
P1 =  inlet flowing pressure, psia = 1.10 x (35 + 15) -15 + 14.7 = 54.7 psia 
 

! 

V =
6.32 0.307( )378 0.816( )54.7

40 " 520 "1.0
= 227 SCFM argon  

 
The maximum flow from the regulator with the larger Cv is computed using the equation recommended by Swagelock for 
high pressure drop flow: 
 

! 

q = 0.471N
2
Cv p1

1

GgT1
  where 

 
N2 = constant with value of 22.67 for units of psia, oR, and SCFM 
 
Cv = flow coefficient, 0.05.   
 
P1 = regulator inlet pressure, 3000 psia 
 
Gg = gas specific gravity, 1.38 for argon 
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T1  = gas temperature, 520 oR 
 

! 

q = 0.471 22.67( )0.05 3000( )
1

1.38( )520
= 59.8 SCFM argon.  Thus the cryostat relief valve capacity of 227 SCFM 

argon is nearly 4 times that of the high purity regulator capacity of 59.8 SCFM argon.   
 
Under certain conditions, it will be desired to bleed up either cryostat with argon gas.  This would be done with the inert 
gas regulator available in the FNAL stock room, the Victor VTS450B, has a maximum flow rate of 1750 SCFH air which is 
29.2 SCFM.  This air flow rate, converted to argon using the method found in ASME mandatory Appendix 11, is equivalent 
to 36.4 SCFM argon.  Thus the cryostat cannot be over pressurized using a typical stockroom bottle regulator.     
 
RD-302-Ar and RD-376-Ar 
 
RD-302-Ar and RD-376-Ar are identical rupture disks with 55 psig set points attached to both Luke and Bo.  ASME coded 
relief valves PSV-210-Ar and PSV-377-Ar have capacity for all relief scenarios.  RD-302-Ar and RD-376-Ar are not ASME 
coded rupture disc because of purity concerns.  Fully welded rupture discs cannot be ASME coded.  A rupture disc holder 
has an o-ring seal that will allow oxygen diffusion into the ultra pure argon.  RD-302-Ar and RD-376-Ar have a 10% burst 
tolerance such that the burst pressure range is 49.5 to 55 psig.  The capacity of RD-302-Ar and RD-376-Ar is calculated 
per ASME Section VIII  
 

! 

W = K
D
CAP

M

TZ
 where 

 
W = rated flow capacity, lb/hr. 
 
Kd =  coefficient of discharge (0.62 for rupture disc devices). 
 
C =  constant based on the ratio of specific heats, 378 for argon. 
 
A = minimum net flow area, rupture disc size is for 1.5 inch pipe but will use ID of 1.5 inch tube that rupture disc is 

mounted on to be conservative.  
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2 . 

 
P =  inlet pressure, 69.7 psia. 
 
M =  Molecular weight, 40 for argon. 
 
T =  absolute temperature, 530 R. 
 
Z =  compressibility factor, use 1.0 to be conservative. 
 
The rupture disc capacity is then 
 

! 

W = 0.62( )378 1.47( )69.7
40

530 1.0( )
= 6615

lb

hr
 

 
which converts to SCFM argon as 
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Vent Pressure Drop for PSV-210-Ar (Luke ASME coded relief) 
 
Previously in this document, the maximum capacity of PSV-210-Ar was found to be 227 SCFM argon.  
PSV-210-Ar vents outside PAB thru a tube with a 2 inch internal diameter.  It is assumed that the inlet 
pressure of the vent pipe is the pressure rise above atmospheric pressure required for 227 SCFM of 
argon to flow thru the vent.   
 
It is unlikely the system can supply 227 SCFM of warm argon gas.  The filling calculation that 
matches the relief valve capacity of 227 SCFM argon ignores the mass flow reduction due to vapor 
generation so it is very conservative.  
 
The vent pipng run has a length of 18 feet with two elbows one tee.  Crane 410 offers the following 
equation identified as 3-20 for the discharge of fluid thru valves, fittings, and pipe for compressible 
flow: 
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 where 

 

! 

qm
'  = 227 SCFM, rate of argon flow in cubic feet per minute at std. conditions (14.7 psia and 60 F) 

 
Y  = 0.97, net expansion factor for compressible flow thru orifices, nozzles, or pipe.  Estimated 

using charts on page A-22 in Crane 410. 
 
d = 2.0 inches, internal diameter of vent piping. 
 
Sg = 1.379, specific gravity of argon relative to air = the ratio of the molecular weight of argon to 

that of air (39.95/28.97). 
 
ΔP = psi, pressure drop thru vent piping. 
 
ρ1 = 0.1142 lb/ft3, density of argon at inlet of vent tubing.  
 
K = Kelbows + Ktee + Kpipe + Kexit, resistance coefficient for flow thru the exhaust piping which 

consists of 2 elbows, 1 tee, straight pipe, and the resistance due to the pipe exit.  
 
fT = 0.019, friction factor in zone of complete turbulence for 2 inch internal diameter pipe. 
 
Kelbows = 2 x 30 x fT  = 2 x 30 x 0.019 = 1.14. 
 
Ktee = 20 x fT  = 20 x 0.019 = 0.38. 
 
The Reynolds number is calculated from 
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Re =
0.482qh

'
Sg

dµ
 where 

 

! 

qh
'  = 13,620 SCFH, rate of flow, in cubic feet per hour at standard conditions (14.7 psia and 60 F). 

 
µ = 0.02211 centipoise, dynamic viscosity of argon. 
 

The Reynolds number is then 

! 

Re =
0.482 13620( )1.379

2( )0.02211
= 204724 . 

 
f = 0.021, friction factor estimated from Reynolds number and plot on page A-25 of Crane 410. 
 
L = 216 inches, length of pipe. 
 

Kpipe = 

! 

f
L

d
= 0.021

216

2
= 2.268, resistance due to straight pipe. 

 
Kexit = 1.0, resistance of the pipe exit. 
 
Thus the total resistance is K = 1.14 + 0.38 + 2.268 + 1.0 = 4.788. 
 
The pressure drop for 227 SCFM of argon thru the vent piping is then 
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2

4.788

0.1167
=1.573 psi which is a negligible fraction of the available pressure. 

 
Vent Pressure Drop for PSV-377-Ar (Bo ASME coded relief) 
 
Previously in this document, the maximum capacity of PSV-377-Ar was found to be 227 SCFM argon.  
PSV-377-Ar vents outside PAB thru a pipe with a 2.635 inch internal diameter (2.5 in. SCH 10).  It is 
assumed that the inlet pressure of the vent pipe is the pressure rise above atmospheric pressure 
required for 227 SCFM of argon to flow thru the vent.   
 
It is unlikely the system can supply 227 SCFM of warm argon gas.  The filling calculation that 
matches the relief valve capacity of 227 SCFM argon ignores the mass flow reduction due to vapor 
generation so it is very conservative.  
 
The vent piping run has a length of 31 feet with five elbows one tee.  Crane 410 offers the following 
equation identified as 3-20 for the discharge of fluid thru valves, fittings, and pipe for compressible 
flow: 
 

! 

qm
'

= 412
Yd

2

Sg

"P#
1

K
 which can be re-arranged as 

! 

"P =
qm
'
Sg

412Yd
2

# 

$ 
% 

& 

' 
( 

2

K

)
1

 where 
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! 

qm
'  = 227 SCFM, rate of argon flow in cubic feet per minute at std. conditions (14.7 psia and 60 F) 

 
Y  = 0.97, net expansion factor for compressible flow thru orifices, nozzles, or pipe.  Estimated 

using charts on page A-22 in Crane 410. 
 
d = 2.635 inches, internal diameter of vent piping. 
 
Sg = 1.379, specific gravity of argon relative to air = the ratio of the molecular weight of argon to 

that of air (39.95/28.97). 
 
ΔP = psi, pressure drop thru vent piping. 
 
ρ1 = 0.1142 lb/ft3, density of argon at inlet of vent tubing.  
 
K = Kelbows + Ktee + Kpipe + Kexit, resistance coefficient for flow thru the exhaust piping which 

consists of 5 elbows, 1 tee, straight pipe, and the resistance due to the pipe exit.  
 
fT = 0.021, friction factor in zone of complete turbulence for 2.635 inch internal diameter pipe. 
 
Kelbows = 5 x 30 x fT  = 5 x 30 x 0.021 = 3.15. 
 
Ktee = 20 x fT  = 20 x 0.021 = 0.42. 
 
The Reynolds number is calculated from 
 

! 

Re =
0.482qh

'
Sg

dµ
 where 

 

! 

qh
'  = 13,620 SCFH, rate of flow, in cubic feet per hour at standard conditions (14.7 psia and 60 F). 

 
µ = 0.02211 centipoise, dynamic viscosity of argon. 
 

The Reynolds number is then 

! 

Re =
0.482 13620( )1.379
2.635( )0.02211

=155389 . 

 
f = 0.021, friction factor estimated from Reynolds number and plot on page A-25 of Crane 410. 
 
L = 372 inches, length of pipe. 
 

Kpipe = 

! 

f
L

d
= 0.021

372

2.635
= 2.965, resistance due to straight pipe. 

 
Kexit = 1.0, resistance of the pipe exit. 
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Thus the total resistance is K = 3.15 + 0.42 + 2.965 + 1.0 = 7.535. 
 
The pressure drop for 227 SCFM of argon thru the vent piping is then 
 

! 

"P =
227 1.379( )

412 0.97( )2.6352
# 

$ 
% 

& 

' 
( 

2

7.535

0.1167
= 0.822  psi which is a negligible fraction of the available pressure. 

 
 
CVI-138-V (Luke) and CVI-382-V (Bo) 
 
These vacuum pumpout ports provide the insulating vacuum space relief for both cryostats.  The spring has been 
removed from each pumpout to lower the relief pressure.  The grooves for the retaining clips have been filled with epoxy 
to prevent a spring from being re-installed.  Thus it is basically a small parallel plate relief held shut by the vacuum 
pressure differential. This CVI model V-1046-31 vacuum pumpout port has a throat area of 1.23 in2.  According to the 
CGA, the area of a vacuum relief in sq. in. should be 0.00024 x wc where wc is the water capacity in pounds of the vessel.   
The water capacity of each vessel is about 66 gallons based on their 250 liter volume.  The density of water is about 8.34 
lb/gal.  Thus the required relief area is 0.00024 x 66 x 8.34 = 0.132 in2.  Since the CVI pumpout throat area is much larger 
than the required relief area, the cryostat vacuum spaces are adequately relieved. 
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22.09” ID,  0.095 in. thk wall  

liquid argon level 

24.14” ID,  0.9 in. thk wall  

inner vessel SS304 

vacuum jacket SS304 

250 liter max capacity 

44” = Lext  

27.5” OD,  1.5 in. thk SS 304 flange 

1200 F (922 K) fire 

radiation & convection from 
1200 F environment to 

vacuum jacket 
 
 

radiation & convection 
from vacuum jacket to 

inner vessel with annular 
space filled with air 

 
 

radiation & convection from 1200 F 
environment to top flange 

 
 

radiation from top flange to liquid surface 
 
 

External surface area = π x 24.31 x 44 + π x 27.5 x 2.5 + π / 4 x 27.52 + π / 4 x (27.52-24.312) = 4300 in2 = 29.86 ft2 = 2.777 m2 

Internal surface area = π x 22.09 x 40 + π / 4 x 22.092 = 3159 in2 = 21.94 ft2 = 2.038 m2 

Average surface area = 3729 in2 = 25.90 ft2 = 2.408 m2 

  
 
 
 

2.5”  

Figure 4.1a.1:  Dimensions and capacities of the Materials Test Station Cryostat and the TPC cryostat 
 
 

conduction thru the outer and inner vessel walls 
 
 

conduction thru top flange 
 
 gas flow to relief valve 

 
 

40”  
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T5 = 105.0 K T3 = 867.1 K 

T2 = 867.7 K 

T11 = 844.2 K 

T10 = 824.7 K 

T 1
 =

 9
22

 K
 

T 6
 =

 T
12

 =
 1

03
.2

 K
 

T1 = 922 K 

external 
radiation 

external 
convection 

wall 
conduction 

annular 
radiation 

annular 
convection 

wall 
conduction 

external 
radiation 

external 
convection 

flange 
conduction 

T 2
 =

 8
67

.7
 K

 

T 3
 =

 8
67

.1
K 

T 5
 =

 1
05

.0
K 

flange 
radiation 

T 1
0 =

 8
24

.7
 K

 

T 1
1 =

 8
44

.2
K 

T 1
 =

 9
22

 K
 

13744 W 4538 W 

219 SCFM air 
eqiuvalent 

Figure 4.1a.2:  Heat transfer mechanisms during fire for both Luke and Bo. 
 

A12 = 0.245 m2 T12 103.2 K 

ε2 = 0.7 

A2 = 2.168 m2 

ε3 = 0.7 ε5 = 0.1 

A5 = 1.962 m2 

q1-2rad q2-3cond 

r2 
r3 

q1-2rconv 

r5 

q3-5rad 

q3-5conv 

q5-6conv 

path 1 path 2 

A11 = 0.5225 m2 

ε11 = 0.7 

q1-11conv 

q1-11rad 

L10 = 0.0381 m 

A10 = 0.383 m2 

ε12 = 1.0 

Total heat transfer to liquid argon = 18282 W 

T6 = 103.2 K (Tsat for LAr at 121% MAWP) 

q11-10cond 

kair, αair, νair kair, αair, νair 
kss 

kss 

kss 

Lannular 

r6 

Ltop = A11 / (π x D11) 

D11  
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Figure 4.1a.3:  Filling of material test station cryostat (Luke) 
 

 
Flow resistances in the transfer line – valves, fittings, tubing 
From Crane Technical Paper 410 
 
The friction factor, fT, in zone of complete turbulence for 0.305 in. ID tube = 0.032 
 
Flow thru 12 elbows, each with resistance of 20 x fT, Kelbows = 12 elbows x 20 x fT = 7.68 
 
Flow thru run of 4 tees, each with resistance of 20 x fT, Ktees = 4 tees x 20 x fT = 2.56 
 
Flow thru 474 in. of 0.305 in. ID pipe, Kpipe = fT x L / D = 0.032 x 474 / 0.305 = 49.73 
 
Flow from small ID tube (d1 = 0.305 in.) into large ID filter (d2 = 2.1875 in.), two instances 

! 

K
enl arg e = 2 " 1#

d1
2

d2
2

$ 

% 
& 

' 

( 
) 

2

= 2 " 1#
0.3052

2.18752

$ 

% 
& 

' 

( 
) 

2

=1.92  

 
Flow form large ID filter into small ID tube (two instances) 
 

! 

K
contract

= 2 " 0.5 1#
d
1

2

d
2

2

$ 

% 
& 

' 

( 
) 

$ 

% 
& 

' 

( 
) = 2 " 0.5 1#

0.305
2

2.1875
2

$ 

% 
& 

' 

( 
) 

$ 

% 
& 

' 

( 
) = 0.98  

 
Resistance of pipe exit, Kexit = 1.0 
 
Resistance of thirty-two 900 bends (r = 1.5 in.) around the regeneration gas preheater where 
Kone-bend = 15.5 x fT from Crane table 
 

! 

Kbends = n "1( ) 0.25#fT
r

d
1

+ 0.5Kone"bend

$ 

% 
& 

' 

( 
) + Kone"bend  

! 

K
bends

= 32 "1( ) 0.25# 0.032( )
1.5

0.305
+ 0.5 15.5 $ 0.032( )

% 

& 
' 

( 

) 
* + 15.5 $ 0.032( ) =12.02

 
Convert the valve flow coefficients (Cv)  to resistance coefficients.  There are two valves 
with a Cv of 1.2 and two valves with a Cv of 0.36.   
 

! 

K
valve

=
29.9d

1

2

C
v

" 

# 
$ 

% 

& 
' 

2

,K
valves

= 2 (
29.9 ( 0.3052

0.36

" 

# 
$ 

% 

& 
' 

2

+ 3(
29.9 ( 0.3052

1.2

" 

# 
$ 

% 

& 
' 

2

=135.5  

 
 
 
 
 

P1 = 364.7 psia 
saturated  

liquid argon 

160 liter liquid argon stock room dewar  250 liter cryostat 

1437 lb/hr liquid argon enters 
cryostat at 35 psig 

1437 lb/hr warm 
argon gas exits the 
relief 

0.12 in. dia. orifice 

P2 = 254.9 psia 
(calculated) 

 

P3 = 49.7 psia 
 

Paverage = 152.3 psia 
 

Note:  The TPC cryostat 
(Bo) is filled thru the same 
path as Luke.  Bo has 
about 13 feet of additional 
piping such that Bo’s 
maximum filling rate will be 
less than that of Luke.  
Thus using this maximum 
filling rate calculation is 
conservative for Bo.   
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Figure 4.1a.4:  Material lock details. 
 

Material basket 
 

Material basket rides on this platform 
whose motion is controlled by a 
threaded rod driven by a stepper motor. 

To place material in 
basket, 8 inch 

conflat flange is 
removed 

This rod pulls the material basket thru the 
gate valve and into 8 inch conflat cross once 
the elevator reaches its maximum height. 

Vacuum gate 
valve for cryostat 

vapor space 
isolation.  Valve 

body is re-
inforced for 

cryostat 35 psig 
MAWP. 

 
Page 200 of 300   ver. 6/3/2008



Terry Tope – 4.26.07 
4.1aa - 1/32 

 
4.1aa – Supporting Documentation for Relief Valve Calculations 
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Flow Chart: Section A, Page 41

9 A

G E N U I N E

A
P P A R A T U

S

Delivery
Range

Gas Service Model No. (PSIG)        Part No.

Air, Oxygen, VTS 450 A-580 04 2-15       0781-3907
Inert Gas VTS 450 B-540       2-40       0781-3904

VTS 450 B-580 04 2-40       0781-3908
VTS 450 D-540    5-125       0781-3905
VTS 450 D-580 04 5-125       0781-3909
VTS 450 D-590 05 5-125       0781-3916
VTS 450 E-346       10-200       0781-4014
VTS 450 E-540       10-200       0781-3906
VTS 450 E-580 04 10-200       0781-3913

Methane, VTS 452 B-350        2-40      0781-3959
Hydrogen VTS 452 D-350      5-125       0781-3963

VTS 452 E-350       10-200       0781-3964

CO2 & N2O VTS 453 D-320 04 5-125       0781-3974

VTS 460 A-300 2-15       0781-3983
Acetylene

VTS 460 A-510 2-15       0781-3984

VTS 461 B-510        2-40       0781-3993
L.P. Gas

VTS 461 D-510      5-125       0781-3994

Delivery Range Key

A 2-15 PSIG,  B 2-40 PSIG, D 5-125 PSIG, E 10-200 PSIG

Outlet Connections: Cylinder Type 
9/16” - 18 (M)

04 = 5/8” - 18 (F) RH
05 = 5/8” - 18 (F) LH

Delivery           CGA Inlet
Model No. Range           Connection

VTS 450   D     540

H
e
avy D

u
ty P

re
ssu

re
 R

e
g
u
lato

rs, Tw
o
 S

tag
e

VTS 450 Series / Two Stage
Heavy Duty

APPLICATION & USES
VTS 450 Series
• Medium to high capacity gas service

• Precise and constant outlet pressure

• Two stage design

• Manifold models available. See page 19, Section A

Dimensions: 8" W x 8" H x 7-3/8" D
(20 cm x 20 cm x 19 cm)

Weight: ........ 7 lb. 6 oz. (3.67 kg)

DESIGN/CONSTRUCTION
• Forged brass body and housing cap

• 2-1/2" gauges brass

• Stem type seat mechanism

• Diaphragm - 2", 3-1/4" (Stainless Steel)

• Delrin® cap bushing for smooth

adjustments

• External self reseating relief valve

Not designed to protect

downstream apparatus

(No relief valve is needed on VTS 460 

and VTS 461 series regulators)

• Sintered inlet filter

PERFORMANCE
Maximum Inlet .......................3000 PSIG

Delivery Range ........................See chart

SPECIFICATIONS MATERIALS
Body ...................................Forged Brass

Diaphragm.........................Stainless Steel

Housing Cap......................Forged Brass

Inlet Filter............................Bronze

NOTE: Regulators will deliver at 

least the stated upper range

and in some cases may exceed 

the stated upper range.

SAMPLE ORDERING INFORMATION

VTS 450

Listed

Conforms to
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S

Regulator Flow Data (SCFH)

*

****

*

Reference: SR 700 Series - Section A, Page 6

Reference: SR 450 Series - Section A, Page 8

Reference: VGS 450 Series - Section A, Page 10 Reference: VGT 450 Series - Section A, Page 10

Reference: VTS 450 Series - Section A, Page 9

Reference: VTS 700 Series - Section A, Page 7

SR 700/Single Stage - Extra Heavy Duty VTS 700/Two Stage - Extra Heavy Duty

SR 450/Single Stage - Heavy Duty VTS 450/Two Stage - Heavy Duty

VGS 450/Gaugeless Regulator - Heavy VGT 450/Gaugeless Two Stage Regulator 
Heavy Duty

R
e
g
u
lato

r F
lo

w
 D

ata &
 C

h
arts
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T1 = 101.6 K, saturation temperature of LN2 at 110% of 100 psig 

T2 = 922 K (1200 oF), vacuum jacket 

! 

qradiation =
" #D

1
L( ) T1

4 $ T
2

4( )
1

%
1

+
1$%

2

%
2

D
1

D
2
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' 
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) 

* 
+ 

D1 = 0.0127 m (0.5 in.), ε1 = 0.1 

D2 = 0.04272 m (1.682 in.), ε2 = 0.7 

LN2 
Air 

kair = 0.04031 W / m K 

L = 3.81 m (12.5 ft.), σ = 5.67x10-8 W / m2 K4 

! 

qconduction =
2"Lkair T1 #T2( )

ln
D
2
/2

D
1
/2

$ 

% 
& 

' 

( 
) 

Figure 1:  Heat transfer equations for trapped volume relief sizing 

! 

qtotal = qradiation + qconduction

! 

SCFMair = qtotal
J

sec
"

1

latent heat

kg

J
"

2.205

1

lb

kg
"

60

1

sec

min
"

1

density@STP

ft
3

lb

Latent heat of LN2 = 157 KJ/kg 

4.1b - Relief Valve Sizing for piping associated with the FLARE Materials Test Station and TPC Cryostats 
 
PSV-101-N2 
 
PSV-101-N2 is a trapped volume relief on the LN2 transfer line inside PAB.  PSV-101-N2 has a 100 psig set point which 
is higher than the 75 psig set point of the liquid nitrogen supply dewar relief.  Thus the section of piping PSV-101-N2 
protects cannot be pressurized by any operational condition except heat input into a trapped volume.  PSV-101-N2 is 
sized to relieve the potential trapped volume between MV-120-N, EV-106-N2, and EV-105-N2.  This is approximately 25 
ft. of ½ in. diameter stainless steel tube vacuum jacketed by 1.5 in. SCH 10 stainless steel pipe.  To size the trapped 
volume relief, half of the pipe is assumed to be engulfed in fire.  For the calculations it is assumed that the vacuum space 
is filled with air.  The vacuum jacket pipe wall temperature is set to the fire temperature of 1200 oF and the inner tube wall 
temperature is set at 101.6 K which is the liquid nitrogen saturation temperature at 110% of the 100 psig relief valve set 
point.  Both radiation exchange between the concentric tubes and conduction thru the air gap provide heat input to 
vaporize the LN2 as shown in Figure 1.  It is assumed that the LN2 vents as a room temperature gas.   
 
 

 
The total heat input into the liquid nitrogen is 
 

! 

qtotal =
5.67 "10#8

W

m
2 $K 4
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If the density of air is assumed to equal that of nitrogen, then the volumetric flow rate is 
 

! 

SCFMair =1267
J

sec
"

1

156966

kg

J
"
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1
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kg
"
60

1
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density of air at STP = 0.07491 lb/ft3 
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The capacity of this Circle Seal 5100 series 2MP relief at 10% overpressure for its 100 psig set point is 25 SCFM which is 
adequate for this case. 
 
PSV-117-N2 
 
PSV-117-N2 is a relief attached to the outlet of MV-119-N.  MV-119-N is a branch isolation valve for future expansion of 
the LN2 transfer line.  PSV-117-N2 is in place to prevent the unlikely event that a small liquid leak thru MV-119-N could 
result in vapor generated at a rate that could not escape back thru the liquid leak path. The 25 SCFM capacity of this 
Circle Seal 5100 series 2MP relief set at 100 psig should be adequate for this unlikely scenario. 
 
PSV-118-N2 
 
PSV-118-N2 is a trapped volume relief on the LN2 transfer line.  PSV-118-N2 has a 100 psig set point which is higher 
than the 75 psig set points of the liquid nitrogen dewar reliefs.  Thus PSV-101-N2 must be sized to relieve a potential 
trapped volume between MV-100-N, MV-119-N, and MV-120-N – not for any operational condition.  CV-100-N has a tiny 
hole thru the center which allows the trapped volume to extend to MV-100-N.  This is approximately 40 ft. of vacuum 
jacketed ½ in. diameter stainless steel tube.  The section of pipe protected is both inside and outside PAB.  To size the 
trapped volume relief, half of the pipe is assumed to be engulfed in fire using the method outlined in Figure 1 with a piping 
length of 6.096 m instead of 3.81 m.   
 
The total heat input into the liquid nitrogen is 
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If the density of air is assumed to equal that of nitrogen, then the volumetric flow rate is 
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SCFMair = 2028
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For PSV-118-N2, the required relief capacity  was computed to be 22.79 SCFM.  The capacity of this Circle Seal 5100 
series 2MP relief at 10% overpressure for a 100 psig set point is 25 SCFM which is adequate for this case. 
 
PSV-203-Ar 
 
PSV-203-Ar is a trapped volume relief on the LAr source manifold.  PSV-203-Ar has a 400 psig set point which is higher 
than the 350 psig set points of the FNAL stockroom high pressure 160 liter liquid argon dewars that supply the system.  
Thus PSV-203-Ar is sized to relieve a potential trapped volume between MV-204-Ar and MV-213-Ar, not for any 

T1 = 139.8 K, saturation temperature of LAr at 110% of 400 psig 

T2 = 922 K (1200 oF), vacuum jacket 
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D1 = 0.009525 m (0.375 in.), ε1 = 0.1 

D2 = 0.03632 m (1.43 in.), ε2 = 0.7 

LAr 
Air 

kair = 0.04153 W / m K 

L = 3.05 m (10 ft.), σ = 5.67x10-8 W / m2 K4 
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Figure 2:  Heat transfer equations for trapped volume relief sizing for PSV-203-Ar 
for  ! 

qtotal = qradiation + qconduction

Latent heat of LAr = 85.2 KJ/kg 
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operational condition. This is approximately 10 ft. of 3/8 in. diameter stainless steel tube surrounded by a 1.5 inch tube 
vacuum jacket.  To size the trapped volume relief, this short pipe is assumed to be engulfed in fire using the method 
outlined in Figure 2.  
 
The total heat input into the liquid argon is 
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The argon mass flow rate, WAr, must be converted into an equivalent volumetric flow rate for Air to compare to the 
manufacturer’s tabulated relief valve capacity.   
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sec

hr
= 77.74

lb

hr
. 

 
ASME Section VIII Appendix 11 contains a method to convert relief valve capacity from one vapor to another that utilizes 
the following equations for this case 
 

! 

W
Ar

= C
Ar
KAP( )

M
Ar

T
Ar

 and 

! 

W
Air

= C
Air
KAP( )

M
Air

T
Air

 where 

 
WAr = mass flow rate of argon, 77.74 lb/hr 
 
WAir = mass flow rate of air, to be solved for 
 
CAr = constant based on the specific heats of argon, 378 
 
CAir = constant based on the specific heats of air, 356 
 
KAP = set of factors specific to the relief valve, to be solved for 
 
MAr = molecular weight of argon, 39.9 
 
MAir = molecular weight of air, 28.9 
 
TAr = temperature of argon being relieved, 520 oR. 
 
TAir = temperature of air being relieved, 520 oR. 
 

Solving for KAP yields 

! 

KAP( ) =
W

Ar

C
Ar

M
Ar

T
Ar

=
77.74

378
39.9

520

= 0.7424 .  The equivalent mass flow rate of air is  

 

then computed as 

! 

W
Air

= 356 0.7424( )
28.9

520
= 62.31

lb

hr
.  To convert the air mass flow rate into SCFM, the mass flow  

 
rate is divided by the density of air at STP. 
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! 

SCFMair =
62.31

1

lb

hr
"
1

60

hr

min

1

0.07491

ft
3

lb
=13.86

ft
3

min
. 

 
PSV-203-Ar is a Circle Seal 5100-4MP which has a capacity of 270 SCFM at 10% over pressure beyond its 400 psig 
cracking pressure which is adequate for this case. 
 
PSV-219-Ar 
 
PSV-219-Ar is a trapped volume relief that protects the piping between MV-213-Ar and MV-217-Ar.  Most of this section of 
piping is inside the inner vessel of a cryostat designed to hold helium.  During normal operation both the inner vessel and 
the insulating vacuum space are under vacuum.  This section of piping contains a molecular sieve filter that is wrapped 
with heating tape for regeneration purposes.  The heating tape has a total power of 1,000 W.  The piping in the cryostat is 
protected from fire by the stainless steel inner vessel wall and the vacuum jacket wall.  The piping section is relatively 
small compared to the space available in the cryostat.  Even if the vacuum failed in both spaces during a fire, heat input 
into the piping would be much slower than calculated for the more typical vacuum jacketed piping associated with relief 
valves such as PSV-101-N2.  Thus it seems reasonable to size PSV-219-Ar for a heater malfunction. 
 
The argon mass flow rate, WAr, must be calculated from the heat input and then converted into an equivalent volumetric 
flow rate for Air to compare to the manufacturer’s tabulated relief valve capacity as it was for PSV-203-Ar.   
 

! 

WAr = qtotal "
1

latent heatAr
=1000

J

sec
"

1

85166

kg

J
"

2.205

1

lb

kg
"

3600

1

sec

hr
= 93.21

lb

hr
. 

 

Solving for KAP yields 

! 

KAP( ) =
W

Ar

C
Ar

M
Ar

T
Ar

=
93.21

378
39.9

520

= 0.8902 .  The equivalent mass flow rate of air is  

 

then computed as 

! 

W
Air

= 356 0.8902( )
28.9

520
= 74.71

lb

hr
.  To convert the air mass flow rate into SCFM, the mass flow  

 
rate is divided by the density of air at STP. 
 

! 

SCFMair =
74.71

1

lb

hr
"
1

60

hr

min

1

0.07491

ft
3

lb
=16.62

ft
3

min
. 

 
PSV-219-Ar is a Circle Seal 5100-2MP which has a capacity of 80 SCFM at 10% over pressure beyond its 400 psig 
cracking pressure which is adequate for this case. 
 
PSV-249-Ar 
 
PSV-249-Ar is a trapped volume relief that protects the section of the LAr transfer line between MV-208-Ar and MV-217-
Ar.  MV-202-Ar is not accessible when the system is cold.  MV-202-Ar is only used to isolate the filter if it is removed from 
the piping and cryostat that provides its insulating vacuum.  PSV-219-Ar is set to relieve at 400 psig which is above the 
350 psig set point of the argon supply dewars.  Thus PSV-219-Ar is sized to relieve heat input into a trapped volume. This 
section of piping includes an oxygen filter wrapped with a 1000 W heating tape for filter regeneration and a 250 W 
regeneration gas pre-heater.  The tubing consists of about 12 feet of 3/8 in. tube surrounded by a 4 inch vacuum jacket.  
Figure 3 details the parameters for calculating heat input into the piping during a fire. 
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The heat input due to fire is 
 

! 

qtotal =
5.67 "10#8

W

m
2 $K 4

% " 0.009525m " 3.658m( ) 139.84 # 9224( )K 4

1

0.1
+
1# 0.7

0.7

0.009525m

0.1016m

& 

' 
( 

) 

* 
+ 

+
2% " 3.658m " 0.04153

W

m $K
139.8 # 922( )K

ln

0.1016m

2

0.009525m

2

& 

' 

( 
( 
( 

) 

* 

+ 
+ 
+ 

= 762W = 762
J

sec
.

 

 
If the 1250 W of heater capacity is added to the fire heat input, the total heat input is 2012 W.  The argon mass flow rate, 
WAr, must be calculated from the heat input and then converted into an equivalent volumetric flow rate for Air to compare 
to the manufacturer’s tabulated relief valve capacity.   
 

! 

WAr = qtotal "
1

latent heatAr
= 2012

J

sec
"

1

85166

kg

J
"

2.205

1

lb

kg
"

3600

1

sec

hr
=187.53

lb

hr
. 

 

Solving for KAP yields 

! 

KAP( ) =
W

Ar

C
Ar

M
Ar

T
Ar

=
187.53

378
39.9

520

=1.791.  The equivalent mass flow rate of air is  

 

then computed as 

! 

W
Air

= 356 1.791( )
28.9

520
=150.31

lb

hr
.  To convert the air mass flow rate into SCFM, the mass flow  

 
rate is divided by the density of air at STP. 
 

! 

SCFMair =
150.31

1

lb

hr
"
1

60

hr

min

1

0.07491

ft
3

lb
= 33.44

ft
3

min
. 

 
PSV-249-Ar is a Circle Seal 5100-2MP which has a capacity of 80 SCFM at 10% over pressure beyond its 400 psig 
cracking pressure which is adequate for this case. 
 

T1 = 139.8 K, saturation temperature of LAr at 110% of 400 psig 

T2 = 922 K (1200 oF), vacuum jacket 

! 

qradiation =
" #D

1
L( ) T1

4 $ T
2

4( )
1

%
1

+
1$%

2

%
2

D
1

D
2

& 

' 
( 

) 

* 
+ 

D1 = 0.009525 m (0.375 in.), ε1 = 0.1 

D2 = 0.1016 m (4.0 in.), ε2 = 0.7 

LAr 
Air 

kair = 0.04153 W / m K 

L = 3.658 m (12 ft.), σ = 5.67x10-8 W / m2 K4 

! 

qconduction =
2"Lkair T1 #T2( )

ln
D
2
/2

D
1
/2

$ 

% 
& 

' 

( 
) 

Figure 3:  Heat transfer equations for trapped volume relief sizing for PSV-249-Ar 
! 

qtotal = qradiation + qconduction

Latent heat of LAr = 85.2 KJ/kg 
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PSV-250-Ar 
 
PSV-250-Ar is a trapped volume relief that protects the section of the LAr transfer line between MV-208-Ar and MV-244-
Ar.  PSV-250-Ar is set to relieve at 400 psig which is above the 350 psig set point of the argon supply dewars.  Thus PSV-
250-Ar is sized to relieve heat input into a trapped volume.  The tubing consists of about 10 feet of 3/8 in. tube surrounded 
by a 4 inch vacuum jacket.  Figure 3 details the parameters for calculating heat input into the piping during a fire except 
that the piping is a bit shorter at 10 feet in length. 
 
The heat input due to fire is 
 

! 

qtotal =
5.67 "10#8

W

m
2 $K 4

% " 0.009525m " 3.048m( ) 139.84 # 9224( )K 4

1

0.1
+
1# 0.7

0.7

0.009525m

0.1016m

& 

' 
( 

) 

* 
+ 

+
2% " 3.048m " 0.04153

W

m $K
139.8 # 922( )K

ln

0.1016m

2

0.009525m

2

& 

' 

( 
( 
( 

) 

* 

+ 
+ 
+ 

= 635W = 635
J

sec
.

 

 
The argon mass flow rate, WAr, must be calculated from the heat input and then converted into an equivalent volumetric 
flow rate for Air to compare to the manufacturer’s tabulated relief valve capacity.   
 

! 

WAr = qtotal "
1

latent heatAr
= 635

J

sec
"

1

85166

kg

J
"

2.205

1

lb

kg
"

3600

1

sec

hr
= 59.19

lb

hr
. 

 

Solving for KAP yields 

! 

KAP( ) =
W

Ar

C
Ar

M
Ar

T
Ar

=
59.19

378
39.9

520

= 0.565 .  The equivalent mass flow rate of air is  

 

then computed as 

! 

W
Air

= 356 0.565( )
28.9

520
= 47.42

lb

hr
.  To convert the air mass flow rate into SCFM, the mass flow  

 
rate is divided by the density of air at STP. 
 

! 

SCFMair =
47.42

1

lb

hr
"
1

60

hr

min

1

0.07491

ft
3

lb
=10.55

ft
3

min
. 

 
PSV-250-Ar is a Circle Seal 5100-2MP which has a capacity of 80 SCFM at 10% over pressure beyond its 400 psig 
cracking pressure which is adequate for this case. 
 
PSV-156-Ar 
 
PSV-156-Ar is a trapped volume relief that protects the vapor pump in Luke in the event that it is isolated from the 
cryostat.  The 45 psig set point was chosen to protect the bellows in the cold valve EP-308-Ar.  PSV-156-Ar is sized to 
vent the vapor that could be generated by the two heaters inside the vapor pump.  Combined, these two heaters can 
provide 1750 W of heat input into LAr.   
 
The argon mass flow rate, WAr, must be calculated from the heat input and then converted into an equivalent volumetric 
flow rate for Air to compare to the manufacturer’s tabulated relief valve capacity.   
 

! 

WAr = qtotal "
1

latent heatAr
=1750

J

sec
"

1

85166

kg

J
"

2.205

1

lb

kg
"

3600

1

sec

hr
=163.11

lb

hr
. 
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Solving for KAP yields 

! 

KAP( ) =
W

Ar

C
Ar

M
Ar

T
Ar

=
163.11

378
39.9

520

=1.558 .  The equivalent mass flow rate of air is  

 

then computed as 

! 

W
Air

= 356 1.558( )
28.9

520
=130.76

lb

hr
.  To convert the air mass flow rate into SCFM, the mass flow  

 
rate is divided by the density of air at STP. 
 

! 

SCFMair =
130.76

1

lb

hr
"
1

60

hr

min

1

0.07491

ft
3

lb
= 29.09

ft
3

min
. 

 
PSV-156-Ar is a Circle Seal 5100-4MP which has a capacity of 37 SCFM at 10% over pressure beyond its 45 psig 
cracking pressure which is adequate for this case. 
 
SV-96-N 
 
SV-96-N relieves a potential trapped volume between RV-036-N and MV-096-N.  These valves are located outside PAB 
on the liquid nitrogen dewar pressure building loop.  This section of piping is 14 inches of ½” SCH 10 SS pipe.   
 
CGA Standard 1.3 paragraph 5.3.2 gives an equation for the minimum required total capacity of the pressure relief 
devices at a flow rating pressure of 121 percent of the MAWP of an uninsulated cryogenic container exposed to fire: 
 

82.0
AFGQ ua =  

 
where  
 
Qa  = Flow capacity of the relief device required in cubic feet per minute of free air. 
 
F  = Correction factor, = 1.0 because relief valve is connected to the relieving volume with piping shorter than 2 feet. 
 
Gu  = Gas factor for an uninsulated container, = 59.0 at 100 psig (conservative, it would be lower at 80 psig). 
 

A  = Outside surface area of relief volume, = 

! 

2"
0.84in

2

ft

12in
1.17 ft=0.257 ft2. 

 
The required relief capacity is then 
 

! 

Qa = 1.0( ) 59( )0.2570.82 =19.4
ft
3

min
. 

 
SV-96-N is a 1/2” Circle Seal series M5120 relief valve with a maximum flow rate of 51 SCFM at 80 PSIG with 10% 
overpressure, thus the trapped volume is adequately relieved with this relief valve. 
 
 
SV-97-N 
 
SV-97-N relieves a potential trapped volume between RV-036-N and MV-088-N.  These valves are located outside PAB 
on the liquid nitrogen dewar pressure building loop.  This section of piping is 14 inches of ½” SCH 10 SS pipe.   
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CGA Standard 1.3 paragraph 5.3.2 gives an equation for the minimum required total capacity of the pressure relief 
devices at a flow rating pressure of 121 percent of the MAWP of an uninsulated cryogenic container exposed to fire: 
 

82.0
AFGQ ua =  

 
where  
 
Qa  = Flow capacity of the relief device required in cubic feet per minute of free air. 
 
F  = Correction factor, = 1.0 because relief valve is connected to the relieving volume with piping shorter than 2 feet. 
 
Gu  = Gas factor for an uninsulated container, = 59.0 at 100 psig (conservative, it would be lower at 80 psig). 
 

A  = Outside surface area of relief volume, = 

! 

2"
0.84in

2

ft

12in
1.17 ft=0.257 ft2. 

 
The required relief capacity is then 
 

! 

Qa = 1.0( ) 59( )0.2570.82 =19.4
ft
3

min
. 

 
SV-97-N is a 1/2” Circle Seal series M5120 relief valve with a maximum flow rate of 51 SCFM at 80 PSIG with 10% 
overpressure, thus the trapped volume is adequately relieved with this relief valve. 
 
SV-98-N 
 
SV-98-N relieves a potential trapped volume between MV-95-N, MV-088-N, and MV-089-N. These valves are located 
outside PAB on the liquid nitrogen dewar pressure building loop.  This section of piping is 17.8 feet of ½” SCH 10 SS pipe.  
Although SV-98-N is set to crack at 80 psig, all of the components it protects are rated for at least 250 psig.   
 
CGA Standard 1.3 paragraph 5.3.2 gives an equation for the minimum required total capacity of the pressure relief 
devices at a flow rating pressure of 121 percent of the MAWP of an uninsulated cryogenic container exposed to fire: 
 

82.0
AFGQ ua =  

 
where  
 
Qa  = Flow capacity of the relief device required in cubic feet per minute of free air. 
 
F  = Correction factor, = 1.0 because relief valve is connected to the relieving volume with piping shorter than 2 feet. 
 
Gu  = Gas factor for an uninsulated container, = 75.5 at 250 psig. 
 

A  = Outside surface area of relief volume, = 

! 

2"
0.84in

2

ft

12in
17.8 ft  =3.91 ft2. 

 
The required relief capacity is then 
 

! 

Qa = 1.0( ) 75.5( )3.910.82 = 231
ft
3

min
. 
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SV-98-N is a 1/2” Circle Seal series M5120 relief valve with a maximum flow rate of 250 SCFM at 200 PSIG with 25% 
overpressure, thus the trapped volume is adequately relieved with this relief valve. 
 
SV-90-N 
 
SV-90-N relieves a potential trapped volume between PCV-70-N and MV-092-N.  This section of piping is 5 feet of 1 ½” 
SCH 10 SS pipe.  Although SV-90-N is set to crack at 200 psig, all of the components it protects are rated for at least 250 
psig.   
 
CGA Standard 1.3 paragraph 5.3.2 gives an equation for the minimum required total capacity of the pressure relief 
devices at a flow rating pressure of 121 percent of the MAWP of an uninsulated cryogenic container exposed to fire: 
 

82.0
AFGQ ua =  

 
where  
 
Qa  = Flow capacity of the relief device required in cubic feet per minute of free air. 
 
F  = Correction factor, = 1.0 because relief valve is connected to the relieving volume with piping shorter than 2 feet. 
 
Gu  = Gas factor for an uninsulated container, = 75.5 at 250 psig. 
 

A  = Outside surface area of relief volume, = 

! 

2"
1.90in

2

ft

12in
5 ft =2.49 ft2. 

 
The required relief capacity is then 
 

! 

Qa = 1.0( ) 75.5( )2.490.82 =160
ft
3

min
. 

 
 
SV-90-N is a 1/2” Circle Seal series M5120 relief valve with a maximum flow rate of 250 SCFM at 200 PSIG with 25% 
overpressure, thus the trapped volume is adequately relieved with this relief valve. 
 
CVI-220-V 
 
This vacuum pumpout provides the vacuum relief for the “P-bar Molecular Sieve Filtering Dewar.”   
Its spring has been removed to lower the relief pressure.  The groove for the retaining clip has been filled with epoxy to 
prevent a spring from being re-installed.  Thus it is basically a small parallel plate relief held shut by the vacuum pressure 
differential. This CVI model V-1046-31 vacuum pumpout port has a throat area of 1.23 in2.  According to the CGA, the 
area of a vacuum relief in sq. in. should be 0.00024 x wc where wc is the water capacity in pounds of the vessel.   The 
water capacity of the vessel is about 32 gallons based on its 120 liter volume.  The density of water is about 8.34 lb/gal.  
Thus the required relief area is 0.00024 x 32 x 8.34 = 0.064 in2.  Since the CVI throat area is much larger than the 
required relief area, the dewar is adequately relieved. 
 
PSV-313-Ar 
 
This relief valve is a 1 inch Circle Seal 500 series set at 10 psig.  It has two purposes.  First it is a trapped volume relief for 
the material lock.  Secondly, if MV-254-V is open, PSV-313-Ar will vent the cryostat vapor space before the main relief 
PSV-210-Ar opens.  PSV-210-Ar is an ASME coded relief.  It is desirable to avoid opening PSV-210-Ar because if it does 
not reseal, it will have to be sent off site for repair.   
 
Interpolation from the air flow rate table provided by Circle Seal indicates that the capacity of this valve is 40 SCFM air at 
50% over pressure beyond its 10 psig crack pressure. This is about 15 psig.  The mass flow rate of air is calculated as 
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! 

Wair = 40
ft
3

min
"
60min

hr
"
0.07491lb

ft
3

=179.78
lb

hr
.   

 
This can then be converted to an equivalent flow rate of cold argon gas using the method outlined in ASME Section VIII 
Appendix 11.   
 

Solving for KAP yields 

! 

KAP( ) =
W

Air

C
Air

M
Air

T
Air

=
179.78

356
28.9

520

= 2.14 .  The equivalent mass flow rate of saturated argon  

 

vapor is then computed as 

! 

W
Ar

= 378 2.14( )
39.9

170.2
= 391.7

lb

hr
 where the temperature used is that of saturated argon  

 
vapor at 15 psig.  To convert the argon mass flow rate into a volumetric flowrate, the mass flow rate is divided by the  
density of the saturated argon vapor at 15 psig 
 

! 

Argon
ft
3

min
= 391.7

lb

hr
"
1

60

hr

min

1

0.688

ft
3

lb
= 9.5

ft
3

min
.  

 
Another measure of the capacity of this relief valve is how much heat input into the liquid it can relieve, which is calculated 
by multiplying the saturated vapor mass flow rate by the heat of vaporization which is found to be 
 
 

! 

396.8
lb

hr
"
67.67Btu

lb
"
1055.06J

1Btu
"

1hr

3600sec
= 7869

J

sec
= 7869 W . 

 
PSV-378-Ar 
 
This relief valve is a 1 inch Circle Seal 5200 series set at 10 psig.  Its purpose is to vent Bo at 10 psig so that the ASME 
coded relief valve PSV-377-Ar does not open at 35 psig.  It is undesirable to open the coded relief because if it does not 
re-seal it must be sent out to a certified shop to be fixed.   
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4.1c - Relief Valve Sizing for the PAB LN2 Dewar 
 
The pressure relief devices for the PAB LN2 dewar (formally PS1) were sized according to the 
Compressed Gas Association’s CGA S-1.3—1995 document.  This document is entitled, 
“Pressure Relief Device Standards Part 3—Stationary Storage Containers for Compressed 
Gases.”  In section 4.1.1 it states, “…each container shall be provided with a primary system of 
one or more pressure relief devices and a secondary system of one or more pressure relief 
valves or rupture disks or buckling pin devices.”  The relief valve sizing and installation described 
in this document also complies with the ASME PVB Div 1 UG-125 to UG-137 guidelines.   
 
This vessel (Fermilab ID# RD0079) is equipped with two sets of pressure relief devices.  Each set 
consists of an Anderson Greenwood relief valve paired with a Fike Corporation rupture disk in 
parallel.  Both relief valves are set for 75 psig while the rupture discs are set to open at 105 psig.  
Either set can handle all conditions.  Vessel dimensions and other characteristics are based upon 
Bruce Squire’s Aug. 31st 1992 engineering note. 
 
Relief Valve Sizing for Fire Condition 
 
First the fire condition is considered as it is the most difficult to relieve.  To begin the calculation, 
an estimate of the relief capacity required is computed.  This number is then corrected for 
pressure drop and temperature rise in the line that leads to the reliefs.  In section 5.3.3 of the 
CGA standard, the following equation is used to calculate the minimum required flow capacity 
 

82.0
UAFGQ ia =  

where: 
 

U =  Overall heat transfer coefficient to the liquid, 
Ffthr

Btu
o
!!
2

. 

 
The dewar is encased in perlite insulation 8.75 inches in thickness.  The thermal 
conductivity for perlite is based upon Figure 7.13 in R. Barron’s text Cryogenic Systems.  
At 103 torr, indicating the vacuum has been spoiled, the apparent thermal conductivity of 
the perlite is 43.3 mW m-1 K-1 which converts to 0.0250 Btu ft-1 hr-1 oF-1.  The over heat 
transfer coefficient is then the thermal conductivity of the insulation divided by its 
thickness or  

 

! 

0.0250Btu

ft " hr"
o
F

1

0.73 ft
= 0.034

Btu

hr " ft
2
"
o
F

. 

 
F =  Correction factor for pressure drop and temperature rise in line to relief valve. 
 
A =  Arithmetic mean of the inner and outer surface areas.  The inner vessel is 66 inches in 

diameter (Di) and 128 in. long (OLi) while the outer vessel is 84 inches in diameter (Do) 
and 168 inches long (OLi). 

 

! 

A =
OLi + 0.3Di( ) "Di " 3.1416 + OLo + 0.3Do( ) "Do " 3.1416

2
=
128 + 0.3 66( )( ) " 66 " 3.1416 + 168 + 0.3 84( )( ) " 84 " 3.1416

2
= 40815 in

2 = 283 ft
2

 
 
Gi =  Gas factor for insulated containers.   
 
Qa =  Flow capacity required at applicable flow rating pressure and 60 oF in cubic feet per 

minute of free air.   
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To calculate the initial estimate of the relief capacity needed, a gas factor, Gi, must be found.  

From Table 1 in CGA S-1.3 finds Gi to be 10.2 at 100 psig.  This Gi value is conservative 
for the 75 psig reliefs.   

 
The uncorrected volumetric flow rate was found to be 
 

! 

Qae =1.0 "10.2 " 0.034 " 283
0.82

= 35.5
ft
3

min
 of free air. 

 
 
The mass flow rate is computed using 

ZT

MCQ
W ae

35.18
=  

 
where 
 

Qae = calculated flow capacity with F=1.0 in 
min

3ft
 of free air. 

 

W = Required mass flow rate of lading thru the pressure relief device in 
hr

lb
m . 

C =  Constant for vapor related to ratio of specific heats (k=Cp/Cv) at standard conditions.  k = 
1.410 for Nitrogen at 60 oF and 14.696 psia which corresponds to C = 356. 

 
M =  Molecular weight of gas, 28.097. 
 
T =  Flow rating temperature, 176.6 oR.  (This is the saturation temperature at the flow rating 

pressure.  The flow rating pressure is 110% of the relief valve set pressure.  It is 1.1 x (75 
+14.7) = 98.67 psia.)   

 
Z =  Compressibility factor for saturated vapor at 98.67 psia.  
 

,RT

Pv
Z =  

! 

Z =
98.67 0.5724( )144
1545

28.097
176.6( )

= 0.8375. 

 
T =  Flow rating temperature, 176.6 oR. 
 
M =  Molecular weight of gas, 28.097. 
 
R =  Ideal Gas constant 

v =  specific volume, saturated vapor at flow rating pressure of 98.67 psia, 0.5724
mlb

ft 3
. 

  
 

 

The mass flow rate was found to be, 

! 

W =
35.5 " 356

18.35

28.097

0.8375 "176.6
= 300.2

lb
m

hr
. 
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To calculate the temperature at the inlet of the relief device, 
 

WCp

dL

s

i

e

T
T

24.5

2145
2145

!
!=  (CGA S-1.3 Section 5.1.4) 

was used where 
 
Ti = Temperature at the inlet to the pressure relief device during full flow conditions, oR. 
 
Ts =  Saturation temperature at flow rating pressure, 176.6 oR.   
 
d =  Line diameter.  2.375 in. is the outside diameter of the 2 inch SCH 10 pipe that leads to 

the relief vavles.   
 
L = Length of piping between pressure relief device and container, 6.5 feet internal and 3.5 

feet external for a total of 10 ft. 

W =  Required mass flow rate of lading thru the pressure relief device, 300.2
hr

lb
m . 

 
Cp =  Average specific heat at constant pressure of lading between Ts and 590 oR, 

0.26
Flbm

Btu

o
!

. 

 
The inlet temperature to the relief device is then 
 

! 

T
i
= 2145 "

2145 "176.6

e

5.24 2.375( )10

300.2 0.26( )

=1745oR . 

 
The pressure at the inlet of the relief device is calculated using 
 

5

2

6
1036.3

d

vWf
xPPi

l!
!=  (CGA S-1.3 Section 5.1.4) 

where  
 
Pi =  Pressure at the inlet of the pressure relief device.   
 
P = Flow rating pressure, 98.67 psia. 
 
f =  Friction factor based on Crane Technical Paper No. 410, f = 0.019. 
 
l =  Equivalent length of pipe based on Bruce Squire’s calculations 

 

! 

K

d
4

= 0.394" K = 0.394d4 ,L =
Kd

f
" L =

0.394d
5

f
" L =

0.394 2.157
5( )

0.019
= 968in = 81 ft  

 

W =  Required mass flow rate, 300.2 
hr

lb
m . 
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v =  Specific volume of the fluid being relieved, at the flow rating pressure (98.67 psia) and 

the average temperature between Ti (1745 oR) and Ts (176.6 oR), 3.741 
mlb

ft 3
. 

d =  Pipe diameter, 2.157 inches.   
 
The inlet pressure to the relief valve is then 
 

! 

Pi = 98.67 " 3.36x10"6
0.019 81( )300.223.741

2.157
5

= 98.63psia . 

 
The correction factor that accounts for line pressure drop and temperature rise is  
 

Pv

VP
F

ii=  

where 
 
F =  The correction factor. 
 
Pi =  Pressure at the inlet of the pressure relief device, 98.63 psia. 
 
P =  Flow rating pressure, 98.67 psia. 
 
vi = Specific volume of the fluid being relieved at the inlet of the pressure relief 

device,6.794
mlb

ft 3
. 

 
v = Specific volume of the fluid being relieved at the flow rating pressure and temperature, 

0.5724
mlb

ft 3
. 

 
The correction factor F was found to be 
 
 

! 

F =
98.63( )6.794
98.67( )0.5724

= 3.44 . 

 
Referring back to the beginning of this document, the corrected relief capacity required is  
 

! 

Qa = 3.44 10.2( ).0.034 283( )
0.82

=122
ft
3

min
 of free air for the fire condition.  Each relief 

valve can deliver 731 SCFM, thus the vessel is adequately. 
 
The relief valves vent thru an elbow and 22 inches of vertical pipe.  The pressure drop thru this 
vent is found from  

 

  

! 

"P = 3.36x10
#6 flW

2
v

d
5

 

where  
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Pi =  Pressure at the inlet of the pressure relief device, 14.7 psia for the assumption that the 

relief valve discharges to atmosphere.   
 
ΔP = Pressure drop across relief valve, psi. 
 
f =  Friction factor based on Crane Technical Paper No. 410, f = 0.019. 
 
l =  Equivalent length of pipe for one elbow and 22 inches of straight pipe 
 

 

! 

f
L

D
= 30 fT " Lelbow = 30D, 

! 

Ltotal = 30D+ 22 = 30 2.157( ) + 22 = 87in = 7.25 ft . 

  

W =  Required mass flow rate, 300.2 
hr

lb
m . 

 
v =  Specific volume of the fluid being relieved, at the flow rating pressure (14.7 psia) and the 

fire temperature of Ti (1745 oR), 45.49 
mlb

ft 3
. 

d =  Pipe diameter, 2.157 inches.   
 

! 

3.36x10
"6 0.019 7.25( )300.22 45.49( )

2.157
5

= 0.04 psi  

 
Thus the pressure drop thru the relief valve exhaust stack is insignificant. 
 
 
API Relief Valve Sizing Recommendations 
 
The sizing of the relief valve must also be checked against the API recommendations.  For Gas 
flow under sonic conditions the API recommends: 
 

b
KCKP

ZTMV
A

1
32.6

=  

Where: 
 
A =  Required effective discharge area, in2. 
V =  Required flow thru valve, 122 SCFM (for fire relief). 
T =  Temperature, 1745 oR at flowing conditions (for fire relief). 
Z =  Compressibility factor at flowing conditions (for fire relief),  
 

,RT

Pv
Z =  

! 

Z =
98.67 6.791( )144
1545

28.097
1745( )

=1.0 .   

 
C =  Coefficient based on specific heats,  C = 356. 
K = Effective coefficient of discharge, K = 0.816 for the Anderson Greenwood reliefs. 
Kb =  Capacity correction factor due to back pressure, Kb = 1.0 as it was previously shown that 

the exhaust back pressure is minimal. 
P1 =  Upstream pressure, 98.67 psia. 
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! 

A =
122 1.0 1745( )28

6.32 356( )0.816 98.67( )1.0
= 0.149in2  

 
The relief valves have an effective flow area of 0.503 in2 which is >> 0.036 in2, thus they are  
adequately sized. 
 

 
Relief Valve Reaction Forces 
 
Another concern is the force resulting from the discharge of the gas from the relief.  The API 
standard RP 520 in Part II section 2.4 suggests the following equation to calculate the reactive 
force 
 

( )
366

1Mk

kT

WF
+

=  

where 
 
F =  horizontal reactive force at center line of valve outlet when any gas or vapor is flowing, in 

pounds.   
 
W =  flow of any gas or vapor, in pounds per hour.  This value is 300.2 lbm hr-1 for the fire 

condition. 
 
k =  ratio of specific heats, Cp/Cv which is 1.41 for nitrogen. 
 
T =  absolute temperature at inlet to relief valve, 1745 oR for the fire condition. 
 
M =  molecular weight of any gas or vapor.  The molecular weight for Nitrogen is 28.01. 
 
 

! 

F = 300.2

1.41 1745( )
1.41+1( )28.01

366
= 4.95 pounds of force. 

 
Thus the discharge force is insignificant at 4.95 pounds and no special measures need to 
be taken. 

 
Loss Of Vacuum Relief Valve Sizing 

 
The fire condition includes loss the loss of insulating vacuum.  Thus the relief valve can easily 
handle loss of insulating vacuum without the heat input of a fire.   
 
Pressure Building Loop Failure 
 
A failure in the pressure building loop is an additional scenario that could increase the dewar 
pressure and cause the relief valves to open.  The Cv of the pressure building regulator (RV-036-
N) is 1.3.  There is about 80 inches of liquid head above the regulator which corresponds to a 
pressure difference of 2.33 psi.  The maximum liquid nitrogen flow thru the regulator can be 
calculated using the following equation form Crane 410 
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! 

Q = C
v
"P

62.4

#
 where 

 
Q =  liquid flow rate in gallons per minute. 
 
Cv =  flow coefficient for pressure building regulator, = 1.3. 
 
ΔP =  pressure difference across the regulator, = 2.33 psi. 
 
ρ =  density of liquid nitrogen at 75 psig, = 44.17 lb/ft3. 
 

! 

Q =1.3 2.33
62.4

44.7
= 2.36

gal

min
.  This converts to SCFM nitrogen as 

 

! 

2.36
gal

min
"

1 ft
3

7.48gal
"
44.17lb

ft
3

"
ft
3

0.07247lb
=192

ft
3

min
.  This is less than the relief valve  

 
capacity of 731 SCFM.  This is a very conservative calculation because there are other 
restrictions in the pressure building loop and there is not enough vaporizer surface area to 
provide such a flowrate.   
 
Vacuum Shell Relief 
 
The vacuum relief is sized according to the CGA standard that states the minimum discharge 
area of the vacuum jacket relief will be: 
 
Discharge Area (in2) = 0.00024 x (water capacity of the lading vessel (lb. H2O)) 
 
The volume of the lab 6 dewar is 1850 gallons.  The density of water is 62.38 lb ft-3.  Thus the 
required vacuum relief area is  
 

! 

0.00024 "1850gal "
1 ft

3

7.481gal
"
62.38lb

ft
3

= 3.70in
2 

 
The vacuum relief is supplied by a flat flange on top front of the vessel.  The ID of the relief plate 
is 3 inches.  The relief area available is then  

 

! 

=
"

4
3.0( )

2

= 7.1in2  

which is more than adequate. 
 
References 
 
Barrons, R. “Cryogenic System,” Oxford University Press. 
 
Hands, BA.  “Cryogenic Engineering,” Academic Press, pages 89-121. 
 
Incropera, I. and DeWitt, D., “Fundamentals of Heat and Mass Transfer,” John Wiley & Sons, 
pages 482-516. 
 
 
. 

 
Page 249 of 300   ver. 6/3/2008



Terry Tope – 4.11.08 
4.2 - 1/47 

 
4.2 – Material Stress Levels 
 
Luke and Bo Top Flanges 
 
The flange that mates with both Luke and Bo is shown in Figure 4.2.1.  The flange is 1.5 inch 
thick 304 stainless steel and is populated by several conflat flanges and VCR fittings.  Both the 
conflat flanges and VCR fittings are welded to stainless steel tubes which are then welded to the 
flange. 
 

 
 
 
Ignoring the numerous penetrations for the moment, the stress in the flat head can be calculated 
from elastic plate theory as 
 

! 

" = 0.3P
d

t

# 

$ 
% 
& 

' 
( 

2

 where 

 
P =  maximum pressure differential across the head, 35 psi. 
 
d =  diameter of the head, 23.035 inches according to Figure UG-34 (j). 
 
t =  thickness of flange, 1.5 inches. 
 
The maximum stress in the flat head is then 
 

Figure 4.2.1:  Luke flange. 
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! 

" = 0.3P
d

t

# 

$ 
% 
& 

' 
( 

2

= 0.3 35( )
23.035

1.5

# 

$ 
% 

& 

' 
( 

2

= 2476psi  which is far less than the 18,800 psi allowed by  

 
the ASME code for 304 SS. 
 
Dave Pushka performed an FEA analysis of the head that includes all the penetrations.  The 
model is conservative in two key ways.  The penetration diameters match the mating tube ODs all 
the way thru the flange.  In reality, there is a step that reduces the diameter of the penetration to 
that of the tube ID part way thru the flange.  Secondly, the flange is fixed outside the bolt holes In 
the FEA model for modeling simplicity.  
 
Figure 4.2.2 shows the Von Mises stress contours.  The maximum stress is 7,600 psi which is 
less than half of the ASME allowable stress of 18,800 psi. 

 
 
 
Figure 4.2.3 shows the deflection contours.  The maximum deflection is 1.28 x 10-2 inches.   

Figure 4.2.2:  Luke flange stress contours at 35 psid. 
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Sixteen bolts hold the top flange to the mating cryostat flange.  These ¾ - 10 bolts are stainless 
steel with a minimum strength of 70,000 psi.  Brass nuts with a minimum strength of 55,000 psi 
are installed to prevent stainless on stainless galling.   
 
The o-ring that provides the seal between the flanges has a diameter of 23.035 inches.   The 
force F applied to the top flange at 110% of MAWP is then 
 

! 

F = A " P =
#

4
23.035

2( )in2 "1.1" 35
lb

in
2

=16,044.5 lbs .   

 
Each bolt has a tensile stress area At of 0.3345 in2.  The stress in each bolt is then 
 

! 

"
bolt

=
F

A
t

=

16,044.5 lbs

16

0.3345 in
2

= 2998
lb

in
2

.  The bolt stress due to the maximum pressure difference 

 
 the flange will see is only 4 percent of the minimum bolt strength. 
 
For the brass nuts stripping at their major diameter, the shear area As for one screw thread is  
 

! 

As = "dwop .   
 

Figure 4.2.3:  Luke flange displacement contours at 35 psid. 
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The area factor wo for thread stripping shear area is 0.88 for UNS threads and the pitch p is 0.1 
for 10 threads per inch.   
 

! 

A
s

= " # 0.75 in # 0.88 # 0.1 in = 0.2073 in
2  

 
The shear stress τs for thread stripping in the brass nut is then  
 

! 

"
s

=
F

A
s

=

16,044.5 lbs

16

0.2073 in
2

= 4837
lb

in
2

.  Thus the brass nut is only at 9% of its minimum strength. 

 
 
Three large 8 inch conflat flanges that populate the flange.  The conflat flanges are not rated for 
positive pressure, however they are quite substantial.  A blank 8 inch conflat flange has a 
thickness of 0.880 inches, a bolt circle diameter of 7.128 inches, and is constructed from 304L 
SS.  If modeled as an elastic plate, the ASME stress at 35 psid can be calculated as 
 

! 

" = 0.3P
d

t

# 

$ 
% 
& 

' 
( 

2

= 0.3 35( )
7.128

0.88

# 

$ 
% 

& 

' 
( 

2

= 689psi  which is far less than the ASME allowable stress  

 
of 16,700 psi for 304L SS.  The smaller conflats used on the system are just as substantial. 
 
Argon piping 
 
The argon piping that takes liquid thru the filters and into Luke is 3/8 inch OD 0.035 inch wall 304 
type stainless steel tube and 3/8 inch OD 0.032 inch wall Cu tubing.  The piping run that brings 
liquid to Bo is ½ inch OD 0.035 inch wall 304 type stainless steel tube.   
 
The MAWP of this tubing can be calculated from ANSI/B31.1.   
 

! 

P =
2SEtm

Do " 2ytm
 where 

 
SE =  allowable stress, 18,800 psi for SS304, 6,000 psi for Cu. 
 
tm =  Minimum wall thickness allowed, = 92.5% tn for tubing. 
 
tn =  Nominal wall thickness, inches. 
 
D0 =  Outside diameter of pipe, = 0.375 inches. 
 
Y =  Coefficient equal to 0.4. 
 
For the 3/8 inch OD stainless steel tubing, the maximum allowable working pressure is  
 

! 

P =
2 18800( )0.925 0.035( )

0.375 " 2 0.4( )0.925 0.035( )
= 3487psi . 

 
For the 1/2 inch OD stainless steel tubing, the maximum allowable working pressure is  
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! 

P =
2 18800( )0.925 0.035( )

0.500 " 2 0.4( )0.925 0.035( )
= 2568psi . 

 
For the copper tubing, the maximum allowable working pressure is 
 

! 

P =
2 6000( )0.925 0.035( )

0.375 " 2 0.4( )0.925 0.035( )
=1113psi . 

 
All three tubing types are adequate for this application because the highest relief valve set point 
on the argon circuit is 400 psig. 
 
Radiography 
 
Neither the argon piping nor the nitrogen piping was radiographed.  During fabrication, it was 
learned that the cryogenic safety subcommittee was discussing the issue of radiographing 
vacuum jacketed piping and that a welding procedure was under development to use in lieu of 
radiography.  All welding on the system was supervised by Cary Kendziora who is very 
experienced with the fabrication of welded stainless steel parts used in high vacuum applications.   
 
Argon Filters 
 
The argon circuit contains two identical filter assemblies which are constructed from stainless 
steel tube and with conflat end flanges.  The conflat flanges are blanks with a hole drilled thru the 
center for fluid flow.  The stainless steel tube has an OD of 2.375 inches with a wall thickness of 
0.09375 inches.  The MAWP for the tube is then 
 

! 

P =
2 18800( )0.925 0.09375( )

2.375 " 2 0.4( )0.925 0.09375( )
=1414 psi  which is greater than the 400 psig relief  

 
valve set points.  
 
If the conflats are modeled as a simply supported circular plate under uniform pressure, the 
stress in the conflat can be calculated from 
 

! 

" = 0.300P
d

t

# 

$ 
% 
& 

' 
( 

2

 where the 0.300 factor comes from ASME Fig. UG-34 Figure K and  

 
P =  the uniform applied pressure, 400 psig. 
 
d =  diameter of conflat exposed to pressure, 3.05 inches. 
 
t =  thickness of the conflat, 0.68 inches. 
 

The stress in the conflat is then 

! 

" = 0.300 400( )
3.05

0.68

# 

$ 
% 

& 

' 
( 

2

= 2414 psi  which is far less  

 
than the allowable 18,800 psi for stainless steel. 
 
The eight 5/16 inch diameter 24 thread per inch bolts used in the conflat flange are made from 
SS-302 HQ with a 70,000 psi yield strength.  Their tensile stress area, At, is 0.0581 in2.   
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The force applied to the 8  bolts is the pressure multiplied by the area which is 
 

! 

400
lb

in
2
"
#

4
3.05

2
in

2
= 2922 lb .   

 
The tensile stress in the bolt, σt, is the force F divided by the tensile stress area At. 
 

! 

"
t

=
F

A
t

=

2922

8
lb

0.0581in
2

= 6286
lb

in
2

.  Thus the bolt stress due to the pressure applied to the flange  

 
is less then 10% of the bolt’s minimum yield strength. 
 
Argon Fill Manifold 
 
The argon manifold that ties four stock room dewars together was analyzed using the piping 
features built into ANSYS.  A 400 psi internal pressure was applied and the internal tubing was 
fixed at each point where it is welded to the vacuum jacket.  Figure 4.2.4 shows the model result 
which indicates the maximum stress is 8,543 psi which is less than half of the allowable 18,800 
psi for 304 stainless steel.   
 

 
 
Liquid Nitrogen Piping 
 

Figure 4.2.4:  Argon fill manifold stress contours. 
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The liquid nitrogen piping consists of 304 stainless steel tube that is 0.5 inch OD with a 0.035 inch 
wall.  The maximum allow working pressure for this tube is 
 

! 

P =
2 18800( )0.925 0.035( )

0.500 " 2 0.4( )0.925 0.035( )
= 2568psi  which is far more than the 100 psig  

 
trapped volume relief valve set points. 
 
Thermal contraction in the liquid nitrogen transfer line is taken care of by numerous braided 
stainless steel flex hoses which are all rated for at least 100 psig.   
 
Argon transfer line 
 
The argon transfer line is designed in a manner such that the stresses due to thermal contraction 
are insignificant.  In Figure 1.1.1, the large amount of flexibility in the argon transfer line is 
apparent. 
 
MV-254-V 
 
MV-254-V is a Norcal manually operated viton seal vacuum gate valve constructed from 304 
stainless steel.  The valve attaches to the cryostat using 8 inch conflat flanges.  The valve was 
chosen to create a large aperture for passing materials thru that can be sealed.  The valve is not 
rated by Norcal for positive internal pressure.  
 
The structurally weakest part of the valve appears to be large flat rectangular panel between the 
conflat flange and the thick end flange that holds the actuating mechanism.  To investigate the 
stress in this part, the section was analyzed as an unstayed flat head per section UG-34 of the 
ASME code.   
 
The maximum pressure for this valve can be calculated from 
 

! 

t = d
ZCP

SE
" P =

t

d

# 

$ 
% 
& 

' 
( 

2

SE

ZC
 and 

! 

Z = 3.4 "
2.4d

D
 where 

 
t =  minimum required thickness of the flat heat. 
 
d =  length of short span, = 6 inches. 
 
D =  long span of noncircular heads measured perpendicular to short span, = 7 9/16 inches. 
 
Z = factor of noncircular heads and covers that depends on the ratio of the short span to the 

long span 
 
C =  a factor depending upon the method of attachment of head, = 0.33 from Figure UG-34. 
 
P =  internal design pressure, 35 psi. 
 
S =  maximum allowable stress value in tension, = 18,800 psi for 304 SS. 
 
E =  joint efficiency from Table UW-12, taken as 0.5 to be conservative. 
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! 

Z = 3.4 "
2.4 6( )

7 +
9

16

# 

$ 
% 

& 

' 
( 

=1.496, 

! 

P =
0.125

6.0

" 

# 
$ 

% 

& 
' 

2

18800( )0.5
1.496 0.33( )

= 8.3psi . 

 
The maximum pressure this valve housing should see is 8.3 psid internal based on the large flat 
section. 
 
The side of the valve consists of a strip of 1/8 inch thick stainless steel that measures 1.125” (d) x 
13” (D).  Applying the above equations gives an estimate of the strength of the maximum 
pressure this part of the valve body can withstand.   
 

! 

Z = 3.4 "
2.4 1.125( )

13( )
= 3.19 , 

! 

P =
0.125

1.125

" 

# 
$ 

% 

& 
' 

2

18800( )0.5
3.19 0.33( )

=110psi  

 
The valve body is only pressurized if the valve is open.  Otherwise the valve body is sealed off 
from the vapor space of Luke.  When the valve is open, excess pressure is vented thru PSV-313-
Ar which is set at 6 psig.  However, PSV-313-Ar has less capacity then PSV-210-Ar.  To ensure 
the valve body does not rupture if the gate valve is open when warm material is submerged into 
the liquid argon, it is strengthened by encasing the housing in 1/2 inch thick 6061-T6 Aluminum 
which as an ASME allowable stress of 10,500 psi.  Applying the above equation again, an 
estimate is made for the strength of this housing    
 

! 

P =
0.5

6.0

" 

# 
$ 

% 

& 
' 

2

10500( )0.5
1.496 0.33( )

= 73.9psi .  This exceeds the 35 psig relief valve set point.  MV-254-V  

 
has been successfully pressure tested to 110% of the 35 psig MAWP of Luke.  
 
 
Condenser 
 
The pressure in the nitrogen space of the condenser is controlled by a pressure relieving 
regulator (PCV-388-N2).  If the regulator fails to vent the excess pressure, a trapped volume relief 
(PSV-389-N2) set at 61 psig protects the condenser nitrogen space.  The maximum pressure the 
condenser nitrogen space could see is the nitrogen dewar MAWP of 75 psig.  The maximum 
pressure differential that can applied to the 6 inch tube calculated from 
 

! 

P =
2SEtm

Do " 2ytm
 where 

 
SE =  allowable stress, 18,800 psi for SS304. 
 
tm =  Minimum wall thickness allowed, = 92.5% tn for tubing. 
 
tn =  Nominal wall thickness, 0.109 inches. 
 
D0 =  Outside diameter of pipe, = 6.0 inches. 
 
Y =  Coefficient equal to 0.4. 
 
For the stainless steel tubing, the maximum allowable working pressure is  
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! 

P =
2 18800( )0.925 0.109( )
6.0 " 2 0.4( )0.925 0.109( )

= 640psi  which is far above the maximum 90 psid to vacuum  

 
the nitrogen space could see (90 psid = 75 psig in LN2 supply + 15 psid to vacuum). 
 
From elastic plate theory, the stress in the top and bottom fixed welded plates that cap the 
nitrogen space can be calculated as 
 

! 

" = 0.188P
d

t

# 

$ 
% 
& 

' 
( 

2

= 0.188 90( )
6

0.375

# 

$ 
% 

& 

' 
( 

2

= 4331psi  which is far less than the 18,800 psi  

 
maximum allowable stress in 304 stainless steel.   
 
The argon space of the condenser will see the maximum dewar pressure of 35 psig.   
 
The argon space is fabricated from 2 inch SCH 10 SS pipe with a 0.109 inch wall and 3/8 inch 
SCH 10 SS pipe with a 0.065 inch wall. 
 
The maximum pressure that may be applied to the 2 inch section is calculated in the following 
manner.   
 

! 

P =
2SEtm

Do " 2ytm
 where 

 
SE =  allowable stress, 18,000 psi for 304 SS. 
 
tm =  Minimum wall thickness allowed, = 92.5% tn for tubing. 
 
tn =  Nominal wall thickness, 0.109 nches. 
 
D0 =  Outside diameter of pipe, = 2.375 inches. 
 
Y =  Coefficient equal to 0.4. 
 
For the SS tubing, the maximum allowable working pressure is  
 
 
 

! 

P =
2 18800( )0.925 0.109( )

2.375 " 2 0.4( )0.925 0.109( )
=1652psi  which is far above the 35 psid maximum from the  

 
argon to the nitrogen space.  
 
The maximum pressure that may be applied to the 3/8 inch section is calculated in the following 
manner.   
 

! 

P =
2SEtm

Do " 2ytm
 where 

 
SE =  allowable stress, 18,000 psi for SS 304. 
 

 
Page 258 of 300   ver. 6/3/2008



Terry Tope – 4.11.08 
4.2 - 10/47 

 
tm =  Minimum wall thickness allowed, = 92.5% tn for tubing. 
 
tn =  Nominal wall thickness, 0.065 nches. 
 
D0 =  Outside diameter of pipe, = 0.675 inches. 
 
Y =  Coefficient equal to 0.4. 
 
For the smaller SS tubing, the maximum allowable working pressure is  
 
 
 

! 

P =
2 18000( )0.925 0.065( )

0.675 " 2 0.4( )0.925 0.065( )
= 3606psi  which is far above the 35 psid maximum from the  

 
argon to the nitrogen space.  
 
From elastic plate theory, the stress in the top fixed welded plate that caps the argon space can 
be calculated as 
 

! 

" = 0.188P
d

t

# 

$ 
% 
& 

' 
( 

2

= 0.188 35( )
2.375

0.125

# 

$ 
% 

& 

' 
( 

2

= 2375psi  which is far less than the 18,000 psi  

 
maximum allowable stress in the stainless steel. 
 
The argon space of the condenser can be externally pressurized by nitrogen.  If the nitrogen 
supply dewar is at its 75 psig MAWP and the argon space is evacuated, the tubing could see an 
equivalent of 90 psi external pressure.  Using the method prescribed in part UG-28 of the ASME 
Section VIII Division 1 code, the maximum allowable external pressure is calculated.  
 
First Do / t is calculated where Do is the pipe outside diameter of 2.375 inches and t is the wall 
thickness of 0.109 inches.  Do / t = 2.375 / 0.109 = 21.8. 
 
Because Do / t is greater than 4, calculate L / Do where L is the length of the cylinder which is 13 
inches.  L / Do = 13 / 2.375 = 5.5. 
 
Because L is greater than 0.05 and less than 50, enter Figure G in ASME Section II Part D and 
locate the value for Factor A.  With a L / Do = 5.5 and Do / t = 21.8, Factor A = 0.003.  
 
From Figure HA-1 in Section II Part D, Factor B is 12,500 based on Factor A equal to 0.003 and 
the 100 oF modulus curve.   
 
Because Do / t is greater than 10, the maximum allowable external pressure is calculated using  
 

! 

P =
4B

3
Do

t

=
4 "12,500

3
2.375

0.109

= 765psi.  The condenser argon space can handle the external  

 
pressure because 765 psi >> 90 psi.  The smaller diameter 3/8 inch pipe with its smaller Do / t 
ratio and shorter length will be able to withstand more external pressure than the 2 inch pipe. 
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Materials Lock Sightglass 
 
The 8 inch conflat flange that allows access to the materials lock contains a sight glass.  The 
sightglass assembly is welded into a conflat flange.   The sightglass is shown in Figure 4.2.5. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The smaller photo in Figure 4.2.5 shows a piece of Lexan bulletproof glass that has been 
mounted on standoffs above the glass window.  The Lexan will provide operator protection in the 
unlikely event of window failure.  The Lexan will also protect the window from scratching which is 
one of the most common modes of window failure. 
 
The sightglass was purchased from L.J. Star Incorporated.  The glass is borosilicate and 
conforms to DIN 7080.  DIN 7080 governs dimensional tolerances for disc sight glasses as well 
as provides the formula to calculate glass thickness. This DIN 7080 thickness formula is shown at 
the end of this section in the Schott North America Maxos brochure.  The working pressure 
values given for DIN-glasses guarantee 5-fold safety. That is, they are subjected to a test 
pressure that is least 5 times higher than the working pressure. 
 
The dimensions of the glass and its fitting are provided in the brochure at the end of this 
document.  The size purchased is the DIN 150 size.  The diameter of the glass itself is 6.535 
inches and the thickness is 0.590 inches. 
 
For a simply supported flat plate the stress is calculated using the following equation found on 
page 5-47 of the 10th edition of Mark’s Standard Handbook for Mechanical Engineers 
 

Figure 4.2.5:  Material lock sightglass. 
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! 

S
M

= k
wR

2

t
2

 

 
where 
 
SM = maximum stress, psi 
 
k = factor from Table 5.2.19 on page 5-48, 1.24 for simply supported case 
 
w = uniformly distributed load, 90 psi for window maximum pressure rating 
 
R = window radius, 3.268 inches 
 
t = plate thickness, 0.59 inches for the window. 
 
 
The stress in the window at its 90 psid rating is  
 

! 

SM = k
wR

2

t
2

=1.24
90 " 3.268

2

0.59
2

= 3,424  psi .   

 
The Schott North America Maxos brochure quotes a bending strength of 23,000 psi for 
borosilicate glass that conforms to DIN 7080 so this calculated value of 3,424 psi seems 
reasonable. 
 
Pyrex thermal expansion is very similar to that of Invar, which is one of the most dimensionally 
stable cryogenic materials.  Table 7.18 from Cryogenic Systems 2nd Edition by Randall F. Barron 
provides the unit thermal expansion for Pyrex from 0 to 300 K and is included after this 
discussion.  Pyrex is one of the commercial names for borosilicate glass.  If a length of 
borosilicate is fixed at both ends and then thermally shocked from 300 K to 90 K the thermal 
stress is simply Young's modulus multiplied by the change in length.  The Schott North America 
Maxos brochure quotes a modulus of elasticity of 67 x 103 N/mm2 which converts to 9.73 x 106 
psi. 
 
The thermal shock stress is then (57 - 2.8) x 10-5 x 9.73 x 106 psi = 5,274 psi.  Table 10.2 on 
page 327 of Cryogenic Engineering by Russell B. Scott tabulates the breaking stress of 
borosilicate glass from 296 K down to 20 K, indicating that the glass becomes stronger at 
cryogenic temperatures.  The lowest value at 296 K is 5000 psi and the lowest value at 76 K is 
10,400 psi.  Based on this extreme case, it seems reasonable that the window could withstand 
the sudden cooling that would occur with liquid argon contact.  
 
The worst case for window cooling would occur during the filling of the cryostat.   The large 
vacuum gate valve MV-254-V should be closed during the fill process.  If the procedures are 
ignored and MV-254-V is open while the intended vapor vent valve MV-255-Ar is closed, a 
significant amount of vapor could flow thru the material lock and out the 6 psig relief valve PSV-
313-Ar.  The maximum liquid argon accumulation rate during a fill is at most 1.5 liters per minute 
based on operational experience.  The vapor generated by the pressure reduction from the 350 
psig argon source dewars to the cryostat is about 30% of the mass flow.  Including some heat 
input, we could assume that 50% of the mass flow originating from the source dewars is vented 
as cold vapor.  So the cold vapor vent rate is estimated as 12.8 ft3 / min based on the 1.5 LPM 
liquid accumulation rate.  This vapor flow rate would certainly cool down the window, but it is gas 
cooling so it will happen relatively slowly.  Figure 4.2.6 shows the flow path of the vapor past the 
window. 
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If liquid were to reach the window, that could provide a high rate of uneven cooling.  Fills of the 
cryostat are attended because there is no way to automatically shut off the flow of liquid argon.  If 
liquid argon did reach the 1.5" thick top flange and the operator ignored it or was not present, 
there would be substantial vapor generation.  The top flange contains the thermal capacity of 
more than 250 pounds of stainless steel.  If liquid did reach the window after cooling the top 
flange, the window would already be very cold due to all the cold vapor that would have vented 
past it prior to liquid reaching it.    
 
In the material lock procedures it is stated that test samples should not be in a shape that could 
retain liquid argon when the sample is removed from the system. 
 
 
 
 

 
Page 262 of 300   ver. 6/3/2008



Terry Tope – 4.11.08 
4.2 - 14/47 

 

 

Location of sight glass 
Glass temperature 

rating is -200 to +280 C 
Lexan window not 

shown 

Large gate valve  
MV-254-V 

22 psig relief - PSV-313-Ar 
 

Bellows with internal 
support rod.   

Where sight glass flange 
mates to 8 inch conflat cross 

Air lock chamber.  This is 
where material basket 
resides when it is withdrawn 
from cryostat. 

3.5 inches 

Figure 4.2.6:  Material lock 
sightglass. 

 
Page 263 of 300   ver. 6/3/2008



L. J. STAR, Incorporated • P.O. Box 1116 • Twinsburg, OH 44087
 (330) 405-3040 • Fax 405-3070 • E-mail: view@ljstar.com • Website: www.ljstar.com

lumiglas® lumiglas®

ISO 9001
DATA SHEET 02-0040    12/03

Weld Neck Sightglass Fittings Series MV

Complete screwed sightglass fitting series MV

Exploded view of an MV series screwed sightglass fitting

Application:

Butt-weld sightglass fitting with screwed cover flange. Sightport for
viewing into process vessels, silos, mixers, separators, pipelines,
and other usually closed containers. Particularly suitable for phar-
maceutics, food and beverage processing, e.g. breweries, dairies
etc.

General:
Sightglass fittings specific to DIN 11851 (dairy standard fittings) with
see-through circular glasses. Threaded nozzles have weld necks.

Operating Conditions
Pressure: 90 psi (higher pressure ratings on request),

vacuum
Temperature: max. 200°C (see temperature diagram) based

on seal ring

Combinations:
This sightglass unit can be combined with the Lumiglas luminaires
for use in non hazardous areas. Window wipers, type SW1 can be
fitted to sizes DN 65 and larger. Combination of luminaire plus wiper
can be fitted to size DN 125.

Parts & materials: (drawing on the right)
Items Parts name Material options
1 slotted cover nut stainless steel type 304
2 cushion gasket Non-Asbestos
3 sightglass disc soda lime glass, tempered for max temp

150°C; or borosilicate glass, tempered for
max. temp 280°C

4 D-ring seal Viton, PTFE, Buna, silicone
5 weld neck nozzle stainless steel type:  316 L, 304; ASME

material only available upon request
6 vessel wall

Assembly
After welding nozzle 5 into the vessel wall 6, fit O-ring seal 4, glass
disc 3 and gasket 2 as shown in the drawing on the right. Tighten all
these parts down against the nozzle by cover nut 1. Always use the
special "C-Spanner".

280

250

150

100
80

200

Glass Seal

°C

S
od

a 
Li

m
e B

or
os

ili
ca

te

Silicone
PTFE
Viton

Buna

C - 4400

Diagram for individual temperature rating
depending on material selection
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PO Box 1116 • Twinsburg, OH 44087 • (330) 405-3040 • Fax 405-3070

E-mail: view@ljstar.com • Website: www.ljstar.com

All dimensions in mm unless stated otherwise. Subject to change without prior notice

item 1 slotted cover nut
item 2 flat gasket
item 3 sightglass disc
item 4 O-ring seal
item 5 weld neck nozzle

Dimensions of Screwed Sightglass Fittings

Ordering Information:
Please specify the selected items as follows:
e.g. Series MV, DN 80, nominal pressure 90 psi
Preferred material for: weld flange, glass discs, seals. Cover nut always 304
* Use mm dimensions for accuracy

ISO 9001 QA CERTIFICATE

GERMAN MANUFACTURER:

F.H. PAPENMEIER AWARDED QA APPROVAL CERTIFICATE

Size DN 50 DN 65 DN 80 DN 100 DN 125 DN 150

Nominal bore DN

Viewing diameter d1*

d2 63 80 94 113 142 166

s 10 12 12 15 15 15

D* 92 (3.62") 112 ( 4.41") 127 (5.00") 148 (5.83") 178 (7.01") 210 (8.27")

d* 61 (2.40") 79 (3.11") 93 (3.66") 114 (4.49") 136 (5.35") 163 (6.42")

A* 44 (1.73") 52 (2.05") 57 (2.24") 69 (2.72") 59 (2.32") 62 (2.44")

a 21 24 25 34 22 22

50 65 80 100 125 150

50 (1.97") 65 (2.56") 80 (3.15") 100 (3.94") 125 (4.92") 150 (5.91")

Sightglass discs

Fittings
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MAXOS®

Safety Sight and Level Gauge
Glasses Special-tempered

SCHOTT SPEZIALGLAS GMBH MAXOS® E

w

h
l
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The complete borosilicate
safety sight and level gauge
glass program

MAXOS® safety sight and level gauge glasses have proved themselves universally

where visual process control is essential. This includes pressure vessels subjected

to thermal and chemical stresses and liquid level gauge application.

A high safety level is secured through the use of special borosilicate glass of high

chemical durability, exceptional purity and homogeneity. The low thermal

expansion of our SUPRAX® 8488 borosilicate glass, combined with thermal

prestressing (tempering) creates a high resistance to sudden temperature changes.

The material properties values and small

dimensional tolerances are guaranteed by

production and quality controls. With these

exceptional safety characteristics, MAXOS®

safety sight and level gauge glasses can

be used under extreme operational

conditions. It is therefore mainly these

safety aspects which influence responsible

technicians again and again to choose

MAXOS®.

MAXOS®

2
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All leading OEM‘s are using MAXOS®.

Long form level gauge glasses,
reflex and transparent.

MAXOS® Product Range

Special tempered reflex and transparent

level gauge glasses and disc sight glasses

can be supplied in accordance to:

■ DIN 7080/7081

■ BS 3463

■ JIS B 8211

■ MIL – G – 16356 D

■ SCHOTT USA Specification

MAXOS® – a registered trademark

of SCHOTT Glas

Long form level gauge glasses,
reflex and transparent
Technical characteristics

3

Parallelism

Standard level gauge glasses

≤ 0.08 mm 0.003 inches

High pressure level gauge glasses

≤ 0.05 mm 0.002 inches

Bending strength (typical values)

Standard level gauge glasses

≥ 150 N/mm2 21,000 psi

Average

170 N/mm2 25,000 psi

High pressure level gauge glasses

≥ 180 N/mm2 26,000 psi

Average

200 N/mm2 29,000 psi

Surface compressive stress

Standard level gauge glasses

≥ 90 N/mm2 13,000 psi

Average

100 N/mm2 14,500 psi

High pressure level gauge glasses

≥ 100 N/mm2 14,500 psi

Average

110 N/mm2 16,000 psi
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Pressure temperature graph for MAXOS® glasses.
Range of application with no technically significant
glass attack.

5700 psi
345 bar

4750 psi
328 bar

4500 psi
310 bar

4250 psi
293 bar

4000 psi
276 bar

3750 psi
259 bar

3500 psi
241 bar

3250 psi
224 bar

3000 psi
207 bar

2750 psi
190 bar

538 °F
281 °C

450 °F
232 °C

363 °F
184 °C

275 °F
135 °C

188 °F
87 °C

100 °F
38 °C

Pr
es

su
re

 p
si

 a
n

d
 b

ar

Temperature in C and F

transparent

reflex

Bending strength is determined by the

surface compressive stress and the inherent

resistance of the glass. The inherent

resistance is heavily dependent upon the

surface quality.

For safety reasons, the stress to the glasses

caused by internal forces, thermal stress

and vessel pressure have to be totally

absorbed by the surface compressive stress

so that a tensile stress of the glass surface

is prevented.

Long form level gauge glasses,
reflex and transparent
Technical characteristics

Special tempered MAXOS® glasses
under polarized light.

MAXOS®

Application conditions Maximum permissible Maximum permissible

pressure temperature

bar psi °C °F

Saturated steam or hot water in direct contact

with reflex or transparent sight glasses 35 500 243 470

Saturated steam or hot water in contact with

transparent sight glasses protected with mica 103 1,500 320 608

Non-corrosive, non-steam service and no

technically significant glass attack, with reflex or

transparent glasses 280 4,000 38 100

Transparent sight glasses in contact with medias

with no technically significant glass attack 345 5,000 38 100

High pressure transparent sight glasses

in special armatures (gauges) 414 6,000 38 100

4
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Available sizes

Special design for REFLEX and TRANSPARENT on request:
e.g. 21 mm thickness.

Flatness (max.)

Size 1–3 ≤ 0.05 mm ≤ 0.002 inches

Size 4–5 ≤ 0.08 mm ≤ 0.003 inches

Size 6–9 ≤ 0.13 mm ≤ 0.005 inches

High pressure≤ 0.05 mm ≤ 0.002 inches

(only transparent)

Temperature

Thermal shock resistance ∆ T 265 K

Max. permissible temperature 300 °C 572 °F

Protected with mica 320 °C 608 °F

Reflex type glass
(R form)

Transparent type glass
(T form)

Size Dimensions max. flatness tolerance

Length Width Thickness Standard High pressure

mm   inch*) mm inch*) mm inch*) mm inch*) mm inch*)

0 95 3.740 34 1.339 17.5 0.689 0.05 0.002 – –

1 115 4.500 34 1.339 17.5 0.689 0.05 0.002 0.05 0.002

2 140 5.500 34 1.339 17.5 0.689 0.05 0.002 0.05 0.002

3 165 6.500 34 1.339 17.5 0.689 0.05 0.002 0.05 0.002

4 190 7.500 34 1.339 17.5 0.689 0.08 0.003 0.05 0.002

5 220 8.625 34 1.339 17.5 0.689 0.08 0.003 0.05 0.002

6 250 9.874 34 1.339 17.5 0.689 0.13 0.005 0.05 0.002

7 280 11.000 34 1.339 17.5 0.689 0.13 0.005 0.05 0.002

8 320 12.625 34 1.339 17.5 0.689 0.13 0.005 0.05 0.002

9 340 13.374 34 1.339 17.5 0.689 0.13 0.005 0.05 0.002

10 370 –    34 –   17.5 – 0.13 – – –

11 400 –    34 –   17.5 – 0.13 – – –

Toleran- + 0 + 0   + 0.2 + 0.008 + 0 + 0
ces*) – 1.5 – 0.039 – 0.8 – 0.039 – 1.0 – 0.028

*) Inch dimensions are only valid for SCHOTT USA Specification.

High pressure is
effective only for
transparent glasses.

Size Dimensions

Length Width Thickness

mm mm mm mm

1 115 30 17.5 0.05

2 140 30 17.5 0.05

3 165 30 17.5 0.05

4 190 30 17.5 0.05

5 220 30 17.5 0.08

6 250 30 17.5 0.08

7 280 30 17.5 0.13

8 320 30 17.5 0.13

9 340 30 17.5 0.13

Toleran- up to  250  ± 0.8 + 0.5 + 0
ces above 250  ± 1.0 – 0.8 – 1.0

max.
flatness

tolerance

l l
w w

h h

5
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Diameter

up to 135 mm ± 0.5 mm

150 to 200 mm ± 0.8 mm

above 200 mm ± 1.0 mm

Thickness

up to 20 mm + 0.50 mm / – 0.25 mm

above 20 mm + 0.80 mm / – 0.40 mm

MAXOS®

Disc sight glasses
Technical characteristics

Dimensional tolerances (DIN 7080)

The abrasion of MAXOS® glass in watery phase
for several temperatures as a function of the
ph-value.

Physical and chemical
characteristics

8.5 9 10 11 12

ph

Abrasion in mm/month

60

40

20

10

4

2

1
0.8

8
6

0.6
0.4

0.2

0.1
0.08
0.06
0.04

0.02

0.01

(240 °C)

(200 °C)

(170 °C)

(100 °C)

Glass Type SUPRAX® 8488

Coefficient of expansion

α 20 °C/300 °C 4.3 x 10–6 K–1

Transformation temperature 540 °C

Glass temperature for the 1013.0 553 °C

viscosities dPas (Poise) 107.6 808 °C

 104.0 1200 °C

Density at 25 °C 2.31g/cm3

Modulus of elasticity 67 x 103N/mm2

Poisson‘s ratio µ 0.20

Thermal conductivity

λ at 90 °C 1.2

Refractive index nd  1.484

(λ = 587.6 nm)

Photoelastic

parameter K 3.2 x 10–6 mm2/N

W
m.K

Chemical Hydrolytic Acid Alkali
characteristics  resistance resistance resistance

Test acc. to DIN ISO 719 DIN ISO 1776 DIN ISO 695

max. abrasion
acc. to DIN ISO 0.1 < 100 µg Na2O > 75–175 mg

each 100 cm2  each 100 cm2

MAXOS® 0.050 < 40 µg Na2O < 100 mg
max. abrasion each 100 cm2  each 100 cm2

MAXOS® HGB 1 – class A2

Bending strength ≥ 160 N/mm2 23,000 psi

Surface compressive stress ≥ 100–140 N/mm2 14,500–20,000 psi

Parallelism ≤ 0.20 mm 0.008 inches

Flatness Diameter:

up to 100 mm ≤ 0.05

above 100 up to 150 mm ≤ 0.08

above 150 up to 200 ≤ 0.12

above 200 mm ≤ 0.15

Thermal shock resistance ∆ T 265 K

Max. permissible temperature 300 °C 572 °F

Protected with mica 320 °C 608 °F

6
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s ≥ 0.55 · dm

s Theoretical minimum glass thickness
in mm

dm

d1 Glass and sealing outside diameter
in mm

d2 Sealing inside diameter in mm

p Permissible pressure in bar

σDV zul. Min. value of surface compressive
stress in N/mm2

S Safety factor = 5

p · S
10 · σDV zul.

d1 + d2
2

Mean sealing diameter
in mm

Available size

Special dimensional design on request, e.g. Ø min. 30 – max. 265 mm and
thickness min. 10 – max. 30 mm.

Dimensions Inspection Permissible Dimensions Inspection Permissible
d1 x s aperture pressure d1 x s aperture pressure
(mm) d2 (mm) in bar (inch) d2 (inch) in psi

30 x 15 20 200 1.181 x 0.591 0.787 2900
   31.6 x 12.75 20 150 1.244 x 0.502 0.787 2175

34 x 17 24 200 1.339 x 0.669 0.945 2900
35 x   7 25 25 1.378 x 0.276 0.984 363
40 x 10 30 40 1.575 x 0.394 1.181 580
40 x 12 30 50 1.575 x 0.472 1.181 725
45 x 10 32 40 1.772 x 0.394 1.260 580
45 x 12 32 50 1.772 x 0.472 1.260 725
50 x 10 35 25 1.969 x 0.394 1.378 363
50 x 12 35 40 1.969 x 0.472 1.378 580
55 x 10 40 25 2.165 x 0.394 1.575 363

 60 x 10 45 16 2.362 x 0.394 1.772 232
60 x 12 45 25 2.362 x 0.472 1.772 363
60 x 15 45 40 2.362 x 0.591 1.772 580
60 x 20 45 95 2.362 x 0.787 1.772 1377
63 x   8 48 8 2.480 x 0.315 1.890 116
63 x 10 48 16 2.480 x 0.394 1.890 232
63 x 12 48 25 2.480 x 0.472 1.890 363
63 x 15 48 40 2.480 x 0.591 1.890 580
65 x 10 50 12 2.559 x 0.394 1.969 174
65 x 15 50 40 2.559 x 0.591 1.969 580
70 x 12 55 16 2.756 x 0.472 2.165 232
70 x 15 55 25 2.756 x 0.591 2.165 363
75 x 12 60 16 2.953 x 0.472 2.362 232
80 x 10 65 10 3.150 x 0.394 2.559 145
80 x 12 65 16 3.150 x 0.472 2.559 232
80 x 15 65 25 3.150 x 0.591 2.559 363
80 x 20 65 40 3.150 x 0.787 2.559 580
90 x 10 70 8 3.543 x 0.394 2.756 116
92 x 10 72 8 3.622 x 0.394 2.835 116
95 x 10 75 6 3.740 x 0.394 2.953 87
95 x 15 75 16 3.740 x 0.591 2.953 232

100 x 10 80 7 3.937 x 0.394 3.150 101
100 x 12 80 10 3.937 x 0.472 3.150 145
100 x 15 80 16 3.937 x 0.591 3.150 232
100 x 20 80 25 3.937 x 0.787 3.150 363
100 x 25 80 40 3.937 x 0.984 3.150 580
113 x 15 88 10 4.449 x 0.591 3.465 145
115 x 15 90 10 4.528 x 0.591 3.543 145
120 x 15 95 10 4.724 x 0.591 3.740 145
125 x 15 100 10 4.921 x 0.591 3.937 145
125 x 20 100 16 4.921 x 0.787 3.937 232
125 x 25 100 25 4.921 x 0.984 3.937 363
125 x 30 100 40 4.921 x 1.181 3.937 580
130 x 15 105 10 5.118 x 0.591 4.134 145
135 x 25 110 25 5.315 x 0.984 4.331 363
150 x 10 125 2 5.906 x 0.394 4.921 29
150 x 15 125 8 5.906 x 0.591 4.921 116
150 x 20 125 10 5.906 x 0.787 4.921 145
150 x 25 125 16 5.906 x 0.984 4.921 232
150 x 30 125 25 5.906 x 1.181 4.921 363
175 x 20 150 10 6.890 x 0.787 5.906 145
175 x 25 150 16 6.890 x 0.984 5.906 232
175 x 30 150 25 6.890 x 1.181 5.906 363
200 x 20 175 8 7.874 x 0.787 6.890 116
200 x 25 175 10 7.874 x 0.984 6.890 145
200 x 30 175 16 7.874 x 1.181 6.890 232
250 x 20 225 4 9.843 x 0.787 8.858 58
250 x 25 225 8 9.843 x 0.984 8.858 116
250 x 30 225 10 9.843 x 1.181 8.858 145
265 x 30 240 8 10.433 x 1.181 9.449 116

All MAXOS® glasses are marked with a
production code number.

Calculation of the glass thickness

(acc. to DIN 7080)

Sight glass edge

Sealing

Edges beleved

d2

d1

s

7
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Advanced Materials
SCHOTT North America, Inc.
555 Taxter Road
Elmsford, NY 10523
USA
Phone: +1(914) 831-2200
Fax: +1(914) 831-2346
E-mail: info@us.schott.com
www.us.schott.com
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Borosilicate glass is a particular type of glass, better known 
under the brand names Pyrex and Kimax. It was first 
developed by German glassmaker Otto Schott in the late 19th 
century and sold under the brand name "Duran" in 1893. After 
Corning Glass Works developed Pyrex in 1924, it became a 
synonym for borosilicate glass in the English-speaking world. 
 
Borosilicate glass is the oldest type of glass to have 
appreciable resistance to thermal impact and higher 
temperatures, also has excellent resistance to chemical attack. 
In this glass structure, the first to carry the Pyrex trademark, 
some of the SiO² is replaced by boric oxide. 
 
Borosilicate glass has a low coefficient of thermal expansion 
and is, thus, suited for telescope mirrors and other precision 
parts. Also, because this glass can withstand thermal shock, it 
is used for oven and laboratory ware, headlamp lenses, and 
boiler gage glasses. Most borosilicate glasses have better 
resistance to acids than do soda-lime glasses, but poor 
resistance to alkalis. Glass fibers used in reinforcing plastic 
compounds are a modified borosilicate glass. 
 
Chemical Composition  
 
SiO2 = 80.6%  
B2O3 = 13.0%  
Na2O = 4.0%  
Al2O3 = 2.3%  
 
Physical Properties  
 
Coefficient of expansion (20°C–300°C) 3.3 x 10-6 K-1  
Density 2.23g/cm3  
Refractive index (Sodium D line) 1.474  
Dielectric constant (1MHz, 20°C) 4.6  
Specific heat (20°C) 750J/kg°C  
Thermal conductivity (20°C) 1.14W/m°C  
Poisson’s Ratio (25°C – 400°C) 0.2  
Young’s Modulus (25°C) 6400 kg/mm2  
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Optical Information  
 
Refractive index (Sodium D line) = 1.474  
Visible light transmission, 2mm thick glass = 92%  
Visible light transmission, 5mm thick glass = 91% 
 
Critical Temperatures  
 
150°C - When working above this temperature care should be 
taken to heat and cool Borosilicate glass in a slow and uniform 
manner. 
 
500°C - The maximum temperature that Borosilicate glass 
should be subjected to and then only for short period of no 
longer than a few minutes. 
 
510°C - Temperature at which thermal stress can be introduced 
to Borosilicate glassware. 
 
565°C - Annealing temperature. When uniformly heated in 
controlled conditions, such as a kiln or oven thermal stress’s 
can be removed. 
 
820°C - Softening point at which Borosilicate may deform. 
 
1252°C - Working point, the temperature that glassblowers 
need to attain in order to work Borosilicate glass. 
 
Working Temperatures  
 
Borosilicate glass retains its mechanical strength and will 
deform only at temperatures which approach its strain point. 
The practical upper limit for operating temperatures is much 
lower and is controlled by the temperature ditterentials in the 
glass, which depend on the relative temperatures of the 
contents of the equipment and the external surroundings.  
 
Provided borosilicate glass is not subjected to rapid change in 
temperature, creating undue thermal shock, it can be operated 
safely at temperatures up to 450°F (232°C). The normal limiting 
factor is actually the gasket material. The degree of thermal 
shock (usually defined as sudden chilling) which it can withstand 
depends on many factors, for example: stresses due to 
operating conditions; stresses imposed in supporting the 
equipment; the wall thickness of the glass, etc. It is therefore 
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undesirable to give an overall figure but, as a general guide, 
sudden temperature changes of up to about 216°F (120°C) can 
be accommodated . 
 
At sub-zero temperatures, the tensile strength of borosilicate 
glass tends to increase and equipment can be used with safety 
at cryogenic temperatures.  
 
Further development in glassmaking continues to create new 
glass-ceramics that outperform borosilicate glass in various 
ways. 
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4.2 – Material Stress Levels Continued – Bo Feedthrus and Piping 
 
“Bo” High Voltage Feed Thru 
 
The electrical feed thru that provides high voltage (> 25 KV) to the TPC chamber was fabricated 
by Fermilab.  Figure 4.2.7 shows the HV feed thru installed on the cryostat.  The electrical 
conductor is a solid stainless steel rod which is 5/8 inch in diameter.  The conductor is 
surrounded by a high density polyethylene (HDPE) cylinder.  The conductor is press fit into the 
HDPE cylinder.  The conductor and HDPE cylinder assembly is then cooled in liquid nitrogen and 
shrunk fit into the outer 1 3/8 inch diameter tube.  The tight fit between the HDPE cylinder and 
both stainless steel components provides the pressure seal with respect to cryostat vapor.  Figure 
4.2.8 details this assembly.  The assembly has passed a helium mass spec leak check.  The feed 
thru’s outside tube is welded to a 2 ¾ inch conflat flange which mates to the cryostat.  
Since this HV feed thru is not a commercial component and does not easily lend itself to analysis, 
the ASME B31.3 Process Piping code is consulted.  For unlisted components, B31.3 section 
304.7.2(b) suggests a proof test in accordance with ASME B16.9, MSS SP-97, or Section VIII 
DIV I, UG101.  ASME Section 8 Division 1 UG-101(p) requires the unlisted component to survive 
a hydrostatic test of not less than three times the desired MAWP without excessive deformation. 
 
A hydrostatic pressure test was performed on a sample feed thru that is identical to the actual 
feed thru except that it is shorter in length.  Figure 4.2.9 shows the sample that was pressure 
tested.  The pressure test documentation is available in Section 3.5i.   
 
First, the feed thru was tested to 105 psig, which is three times the 35 psig MAWP of Bo.  No 
deformation occurred at this pressure.  Next the pressure was slowly increased to 1000 psig in 50 
psi increments.  At about 550 psig a very small leak was observed.  This leakage continued up to 
1000 psig.  After the 1000 psig pressure was removed, the point at which the water leakage 
occurred could not be located.  Nor was any measurable deformation found.   
 
Based on this pressure test, the HV feed thru is adequate for operation at “Bo’s” 35 psig MAWP. 
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Figure 4.2.7:  “Bo” high voltage feed thru installed. 
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5/8 inch diameter stainless steel rod high voltage conductor 

1.375 inch OD, 0.035 inch wall, stainless steel tube   

High density polyethylene 
provides pressure seal  

High density polyethylene cylinder 
 

High voltage Feed thru is 
welded to a 2 ¾ inch conflat 

Figure 4.2.8:  “Bo” high voltage feed thru details. 
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Figure 4.2.8:  “Bo” high voltage feed thru pressure test piece 

5/8 inch diameter stainless 
steel rod high voltage 
conductor 

High density polyethylene cylinder 
 

1.375 inch OD, 0.035 
inch wall, stainless 
steel tube   

Figure 4.2.9:  “Bo” high voltage feed thru pressure test sample piece. 

Pressure applied thru this fitting 
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“Bo” Signal Feed Thru 
 
The TPC signal wires pass thru a Fermilab designed and fabricated feed thru.  The feed thru is 
shown in Figure 4.2.10.  Four slots were machined into a 6 inch OD conflat to accommodate D 
shaped electrical connectors.  A short cylinder was welded to the conflat to provide containment 
for epoxy.  The ribbon cables were connected to the D connectors and then the cylinder was filled 
with Stycast 2850 FT epoxy (cured with #9 catalyst).  The epoxy provides a helium leak tight seal 
between the cables and the flange.  The insulation is stripped from a portion of the cables so that 
the epoxy can make a seal with the bare conductors.   
 
From the Lakeshore Cryotronics website, the following statement is quoted to document the 
appropriateness of the epoxy for cryogenic use. 
 
“Stycast® is the most commonly used, highly versatile, nonconductive epoxy resin  
system for cryogenic use. The primary use for Stycast® is for vacuum  
feedthroughs or permanent thermal anchors. Lake Shore uses this product in  
vacuum tight lead-throughs with excellent thermal cycle reliability.” 
 
http://www.lakeshore.com/temp/acc/am_epoxypo.html 
 
A 4 inch OD tube is welded to an eight inch OD conflat on Bo.  The tube then makes a right angle 
and enters a shielded electrical box.  The signal feed thru flange is welded to this tube in the 
electrical box.  This arrangement is shown in Figure 4.2.11. 
 
Since this signal feed thru is not a commercial component and does not easily lend itself to 
analysis, the ASME B31.3 Process Piping code is consulted.  For unlisted components, B31.3 
section 304.7.2(b) suggests a proof test in accordance with ASME B16.9, MSS SP-97, or Section 
VIII DIV I, UG101.  ASME Section 8 Division 1 UG-101(p) requires the unlisted component to 
survive a hydrostatic test of not less than three times the desired MAWP without excessive 
deformation. 
 
A second feed thru flange was fabricated for proof testing.  The flange, prior to being filled with 
epoxy, is shown in Figure 4.2.12.  The pressure test documentation can be found in section 3.5j.   
The test flange showed no signs of leakage at 105 psig which is 3x the MAWP of “Bo.”  The 
flange developed a pin hole sized leak at 400 psig.  At 700 psig, 4 pin hole sized leaks 
developed.  At 1000 psig, water was leaking thru the epoxy faster than the hydraulic pump could 
build pressure.  The test flange did not have the ribbon cable insulation removed and the leakage 
occurred thru the insulation. 
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Figure 4.2.10:  “Bo” signal feed thru. 

Cylinder welded to conflat to 
contain Stycast 

Stycast 2850 FT epoxy 
provides pressure seal and 
electrical insulation 

Argon side of feed thru 

Ambient side of feed thru 
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Figure 4.2.11:  Electronics box on “Bo” 

Conflat (6 inch OD) 
feed thru flange is 

here, inside the 
electrical box 

4 inch OD tube connects the feed thru 
flange to the 8 inch OD conflat flange 
on the cryostat 

Aluminum cylinder provides support 
for electrical box only.  It does not 
contain pressure.   
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Figure 4.2.12:  Feed thru flange for pressure 
testing prior to being filled with epoxy 
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LAr Supply Piping 
 
Figure 4.2.13 shows the results from a FEA model of the LAr supply piping from the outlet of the 
oxygen filter used during the filling process to both “Luke” and “Bo.”   The model considers the 
stress that results from the shrinkage from 300 K to 80 K and a 400 psig internal pressure.   
 
The thermal shrinkage was taken to be 290 x 10-5 ΔL/L for 304 Stainless and 314 x 10-5 ΔL/L for 
Cu tube.  The modulus of elasticity of 304 Stainless was input as 2.07E11 Pa along with a 
Poisson’s Ratio of 0.28. The modulus of elasticity of Cu was input as 1.207E11 Pa along with a 
Poisson’s Ratio of 0.35.  The model also considers the density of the contained fluid, which was 
input as 1400 kg/m3 for argon. 
 
The model is comprised of ANSYS PIPE 16 (straight), PIPE 17 (tee), and PIPE 18 (elbow) 
elements in which ANSYS calculates flexibility and stress intensification per ANSI B31.1 
 
The model shows a peak stress of 2,161 psi where the ½ inch OD stainless steel tube discharges 
into Bo.  This is far below the 20,000 psi limit for seamless 304 SS or the 6,000 psi limit for 
seamless copper.   
 
Section 3.5k documents the pneumatic pressure testing of this section of piping to 1.10x MAWP 
(440 psig).   
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Fixed to bottom of O2 filter 

Liquid discharge fixed to piping 
vacuum jacket in Luke 

Liquid discharge fixed to piping 
vacuum jacket in Bo 

This end free in model due to 
bellows between inner pipe and 
vacuum jacket 

3/8 in. OD 
Cu tube 

3/8 in. OD SS tube 

1/2 in. OD SS tube 

Figure 4.2.13:  LAr supply piping Von Mises Stresses due to cooldown shrinkage and internal 400 
psig pressure. 

(2,161 psi) (1,355 psi) 

N/m2 

LAr flow 
direction 

Note: Bo_LAr_piping_works.db is the ANSYS model file used.  
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LAr Vent Piping 
 
Figure 4.2.14 shows the results from a FEA model of the LAr vent piping that connects “Bo” and 
“Luke” to the LAr vaporizer.   The model considers the stress that results from the shrinkage from 
300 K to 80 K.   
 
The thermal shrinkage was taken to be 290 x 10-5 ΔL/L for 304 Stainless and 314 x 10-5 ΔL/L for 
Cu tube.  The modulus of elasticity of 304 Stainless was input as 2.07E11 Pa along with a 
Poisson’s Ratio of 0.28. The modulus of elasticity of Cu was input as 1.207E11 Pa along with a 
Poisson’s Ratio of 0.35.  The model also considers the density of the contained fluid, which was 
input as 1400 kg/m3 for argon. 
 
The model is comprised of ANSYS PIPE 16 (straight), PIPE 17 (tee), and PIPE 18 (elbow) 
elements in which ANSYS calculates flexibility and stress intensification per ANSI B31.1 
 
The model shows a peak stress of 3,844 psi where the ½ inch OD stainless steel vent tube 
connects to Luke.  This is far below the 20,000 psi limit for seamless 304 SS or the 6,000 psi limit 
for seamless copper.   
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Fixed to LAr vent piping 
vacuum jacket 

Fixed to LAr vaporizer inlet 

Figure 4.2.14:  LAr vent piping Von Mises Stresses due to cooldown shrinkage 

(3,844 psi) (19 psi) 

N/m2 

Fixed to Bo top flange 

Fixed to Luke top flange 

1/2 in. OD SS tube 

1 in. Type K Cu 

Hanger fixes pipe in all 
directions except for Z 

Hanger fixes pipe in 
all directions except 
for X 

Z 
X 

Y 

Note: Bo_LAr_piping_vent_works.db is the ANSYS model file used.  
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Weld Examination for the LAr Transfer Line 
 
336.5.1(b) of ANSI/ASME B31.3 states:  “In-process examination as provided in 336.4.7 may be 
substituted for all or part of the radiographic or ultrasonic examination on a weld-for-weld basis if 
specified in the engineering design, regardless of temperature or pressure.” 
 
Cary Kendziora performed in-process weld inspection for two of the welds in the piping that 
provides LAr to “Bo.”  There are less than 40 welds in this line such that two in-process 
inspections satisfy the 5% examination requirement.  The documentation is included on the next 
two pages. 
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PPD Vacuum and Instrumentation Group 
In-Process Weld Inspection Form 

(as per In-Process Weld Inspection Guidelines, AD Cryogenics, Nov 3, 2006)  
Date__April 15_______       Project: ___LAr Transfer Line___ 
Pipe Section: _Between Luke and Bo__ Weld Number:___5______ 
Weld location:  Vacuum insulated LAr transfer line_______________ 
Welder:____Dan Watkins__          Inspector: _____C.Kendziora_____ 
 
Before Welding: 

Type of weld:  (butt)__X____  (other)_____ 
(1) Pipe #1 Size, Schedule and material:  _______1/2” OD___.035” 
wall____ 
(2) Pipe #2 Size, Schedule and material:  _______1/2” OD___.035” 
wall____ 
 

(1) Joint Preparation and Cleanliness 
Joint Preparation and Cleanliness acceptable? ___Yes_______ 

 
(2) Welding Machine 

(a) Remote foot pedal?  ___Yes__ 
(b) DC straight machine? __Yes___ 

 
(3) Joint Fit-up, and Internal Alignment.  

(a) Internal alignment acceptable? ____Yes_________ 
(b) Joint Clearance acceptable? _____Yes_______ 
(c) End Preparation acceptable? _____Yes______ 

 
(4) Filler Rod 

(a) AWS A5.9 stainless steel filler rod? ____Yes______ 
(b) Filler rod:   Class ___A5.9_______    Diameter__0.035_______ 

 
(5) Purge Gas.  
 (a) type of purge gas  : _____Argon_______ 
 (b) time length of purge: ____10min_______   purge flow rate:____10 
SCFH___ 
 (b) (if done) O2 reading: __________O2 Monitor manf/model : _______ 
 
(6) Inspection After Root Pass 
 (a)  No visible cracks. ____None____ 
 (b)  No suck holes, which are small holes in middle of weld. _None______ 
 (c) No porosity or obvious imperfections. ____None__ 
 (d) Filler material fused along edges of weld . _Yes_____ 
 
(8) Repeat inspection after every pass: _____________ 
 
(9) Final Inspection: _______Yes________ 
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PPD Vacuum and Instrumentation Group 
In-Process Weld Inspection Form 

(as per In-Process Weld Inspection Guidelines, AD Cryogenics, Nov 3, 2006)  
Date__April 15_______       Project: ___LAr Transfer Line___ 
Pipe Section: _Between Luke and Bo__ Weld Number:___7______ 
Weld location:  Vacuum insulated LAr transfer line_______________ 
Welder:____Dan Watkins__          Inspector: _____C.Kendziora_____ 
 
Before Welding: 

Type of weld:  (butt)__X____  (other)_____ 
(1) Pipe #1 Size, Schedule and material:  _______1/2” OD___.035” 
wall____ 
(2) Pipe #2 Size, Schedule and material:  _______1/2” OD___.035” 
wall____ 
 

(1) Joint Preparation and Cleanliness 
Joint Preparation and Cleanliness acceptable? ___Yes_______ 

 
(2) Welding Machine 

(a) Remote foot pedal?  ___Yes__ 
(b) DC straight machine? __Yes___ 

 
(3) Joint Fit-up, and Internal Alignment.  

(a) Internal alignment acceptable? ____Yes_________ 
(b) Joint Clearance acceptable? _____Yes_______ 
(c) End Preparation acceptable? _____Yes______ 

 
(4) Filler Rod 

(a) AWS A5.9 stainless steel filler rod? ____Yes______ 
(b) Filler rod:   Class ___A5.9_______    Diameter__0.035_______ 

 
(5) Purge Gas.  
 (a) type of purge gas  : _____Argon_______ 
 (b) time length of purge: ____10min_______   purge flow rate:__10 
SCFH___ 
 (b) (if done) O2 reading: __________O2 Monitor manf/model : _______ 
 
(6) Inspection After Root Pass 
 (a)  No visible cracks. ____None____ 
 (b)  No suck holes, which are small holes in middle of weld. _None______ 
 (c) No porosity or obvious imperfections. ____None__ 
 (d) Filler material fused along edges of weld . _Yes_____ 
 
(8) Repeat inspection after every pass: _____________ 
 
(9) Final Inspection: _______Yes________ 
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4.3 – Correspondence Related to Operational Readiness Clearance 
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August 8, 2007 

 
 
 
To: Jim Strait 
 Particle Physics Division 
 
From: Phil Pfund 
 Chair, Village & Misc. Cryogenic Safety Review Panel 
 
Subject: PAB FLARE Safety Review 
 
Dear Jim, 
 
The Village & Misc. Cryogenic Safety Review Panel has completed its review of the 
FLARE liquid argon materials test station in the Proton Assembly Building (PAB).    
 
Our review consisted of: 
• Introduction and orientation walk-through on April 5, 2007. 
• Review of safety related documentation.  The documentation and updates are 

maintained by Terry Tope at:   http://lartpc-docdb.fnal.gov:8080/cgi-
bin/ShowDocument?docid=265  login:  lartpc , password: argon! The 
documentation consisted of: 

o System description 
o Flow schematic  
o Instrument and valve summary  
o System control loops   
o Fill procedure  
o FMEA – failure modes and effects analysis  
o “What-if” analysis  
o ODH analysis  
o “Luke” pressure vessel note   
o Liquid nitrogen pressure vessel note   
o Liquid nitrogen dewar compliance  
o Piping relief valves  
o LN2 relief valves  
o Material stresses   

• Individual panel member meetings and e-mail exchanges with Terry Tope resulting 
in updates to the documentation listed above.  In a few instances these resulted in 
changes to the hardware, also documented.   

• Meeting to discuss final comments and walk-through with safety panel on June 15, 
2007.   

• Meeting with panel to review completion of “to-do” list and final walk-through on 
August 7, 2007.  The walk-through resulted in two action items, both of which were 
reported complete on August 6, 2007: 
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o A caution tag was attached to the on/off "blade" switch on the box that 
provides power to the ODH fan.   

o The window on the material lock was replaced by a blank 8 inch conflat 
flange.    

 
Based on the above listed review activities, we are satisfied that the proposed test set-up 
can be operated safely.  We recommend that you authorize the operation.   
 
It should be noted that two future modifications are planned.  (1) The window for the 
material lock will be reinstalled after sufficient work has been done to ensure its safe 
operation at cryogenic temperatures.  (2) A second pressure vessel, referred to as “Cousin 
Bo”, will be added to the system after the normal operational and safety related 
documentation has been developed.  Each of these modifications is to be reviewed by this 
panel before this panel makes a recommendation to operate with either them in the 
system.   
 
Regards, 
 
 
 
Phil Pfund 
On behalf of the Village & Misc. Cryogenic Safety Review Panel 
 
Copy: Martha Heflin 
 Terry Tope 
 Panel Members (Brian DeGraff, Tom Page, Dave Pushka) 
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Dear colleagues,

Based on the report of the Village & Misc. Cryogenic Safety Review Panel, I give (partial) Operational Readiness Clearance to the Liquid 
Argon Material Test Station cryogenic system in the Proton Assembly Building.

The word *partial* above is to emphasize that this is operational clearance for the *cryogenic system* only.  I would like the Fixed Target 
ES&H Review Committee to be consulted on other safety aspects of the test system, which must include at least electrical safety, before 
granting full operational clearance for the Material Test Station.  The LAr TPC group should take the lead in ensuring that such a review is 
done at the appropriate time.

Cheers,
Jim

Phil Pfund wrote:
Jim, The Village & Misc. Cryogenic Safety Review Panel has completed its review of the FLARE liquid argon materials test station in the 
Proton Assembly Building (PAB).  The attached memo documents our review and carries the recommendation to you to authorize 
operation of the system. We are aware that future modifications/additions are planned, as itemized in the memo, and will review them 
before they are integrated into the system. Phil
-- 
Philip A. Pfund
Fermi National Accelerator Laboratory
MS-316
Direct: 630-840-4784
FAX: 630-840-4529
pfund@fnal.gov

From: Jim Strait <strait@fnal.gov>
Subject: Re: FLARE Test Station Safety Review

Date: August 15, 2007 4:13:57 PM CDT
To: Phil Pfund <pfund@fnal.gov>
Cc: Martha Heflin <martha@fnal.gov>, Terry Tope <tope@fnal.gov>, Brian Degraff <degraff@fnal.gov>, Dave Pushka 

<pushka@fnal.gov>, Tom Page <tpage@fnal.gov>, Stephen Pordes <stephen@fnal.gov>, Dave Finley <finley@fnal.gov>, 
Hans Jostlein <jostlein@fnal.gov>, Cary Kendziora <clk@fnal.gov>, Kurt Krempetz <krempetz@fnal.gov>, Mike Crisler 
<mike@fnal.gov>, Greg Bock <bock@fnal.gov>, Win Baker <winbaker@fnal.gov>
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Jim,  

The Village & Misc. Cryogenic Safety Review Panel has completed its review of the addition of a window to
the FLARE liquid argon materials test station in the Proton Assembly Building (PAB).  The attached memo
documents our review and carries the recommendation to you to authorize operation of the system.  

We are aware that future modifications/additions are planned, as itemized in the memo, and will review them
before they are integrated into the system.  

Phil

-- 

Philip A. Pfund
Fermi National Accelerator Laboratory
MS-316
Direct: 630-840-4784
FAX: 630-840-4529
pfund@fnal.gov

PAB FLARE R…doc (40.5 KB)

Jim,  

The Village & Misc. Cryogenic Safety Review Panel has completed its review of the addition of a window to
the FLARE liquid argon materials test station in the Proton Assembly Building (PAB).  The attached memo
documents our review and carries the recommendation to you to authorize operation of the system.  

We are aware that future modifications/additions are planned, as itemized in the memo, and will review them
before they are integrated into the system.  

Phil

-- 

Philip A. Pfund
Fermi National Accelerator Laboratory
MS-316
Direct: 630-840-4784
FAX: 630-840-4529
pfund@fnal.gov

From: Phil Pfund <pfund@fnal.gov>
Subject: FLARE Test Station Safety Review

Date: December 13, 2007 11:32:44 AM CST
To: Jim Strait <strait@fnal.gov>
Cc: Martha Heflin <martha@fnal.gov>, Brian Degraff <degraff@fnal.gov>, Dave Pushka <pushka@fnal.gov>, Tom Page 

<tpage@fnal.gov>, Terry Tope <tope@fnal.gov>
1 Attachment, 40.5 KB Save
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December 13, 2007 

 
 
 
To: Jim Strait 
 Particle Physics Division 
 
From: Phil Pfund 
 Chair, Village & Misc. Cryogenic Safety Review Panel 
 
Subject: PAB FLARE Safety Review 
 
Dear Jim, 
 
The Village & Misc. Cryogenic Safety Review Panel has completed its review of the 
addition of a window to the FLARE liquid argon materials test station in the Proton 
Assembly Building (PAB).    
 
Our review consisted of: 
• Review of safety related documentation for the window addition.  All of the FLARE 

documentation and updates are maintained by Terry Tope at:   http://lartpc-
docdb.fnal.gov:8080/cgi-bin/ShowDocument?docid=265  login:  lartpc , password: 
argon!  The documentation related to the window is on pp 217 – 233 and consists of: 

o Component description 
o Discussion of thermal shock scenarios 
o Glass properties   

• Individual panel member e-mail exchanges with Terry Tope resulting in updates to 
the documentation listed above.        

• 12/13/07 visit to PAB by panel members to see the window assembly.   
 
Based on the above listed review activities, we are satisfied that the proposed test set-up 
can be operated safely with the window installed.  We recommend that you authorize the 
operation.   
 
It should be noted that another future modification is planned.  A second pressure vessel, 
referred to as “Cousin Bo”, will be added to the system after the normal operational and 
safety related documentation has been developed.  This modification is to be reviewed by 
this panel before this panel makes a recommendation to operate the test station with the 
second pressure vessel in the system.   
 
Regards, 
 
 
 
Phil Pfund 
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On behalf of the Village & Misc. Cryogenic Safety Review Panel 
 
Copy: Martha Heflin 
 Terry Tope 
 Panel Members (Brian DeGraff, Tom Page, Dave Pushka) 
 
 

 
 



I approve the operation of the material test station, as recommended by the Village & Misc. Cryogenic Safety Review Panel.  I apologize 
for the delay in documenting this approval.

Cheers,
Jim

Phil Pfund wrote:
Jim, The  has completed its review of the addition of a window to the FLARE liquid argon materials test station in the Proton Assembly 
Building (PAB).  The attached memo documents our review and carries the recommendation to you to authorize operation of the system. 
We are aware that future modifications/additions are planned, as itemized in the memo, and will review them before they are integrated 
into the system. Phil
-- 
Philip A. Pfund
Fermi National Accelerator Laboratory
MS-316
Direct: 630-840-4784
FAX: 630-840-4529
pfund@fnal.gov

From: Jim Strait <strait@fnal.gov>
Subject: Re: FLARE Test Station Safety Review

Date: January 2, 2008 10:58:00 AM CST
To: Phil Pfund <pfund@fnal.gov>
Cc: Martha Heflin <martha@fnal.gov>, Brian Degraff <degraff@fnal.gov>, Dave Pushka <pushka@fnal.gov>, Tom Page 

<tpage@fnal.gov>, Terry Tope <tope@fnal.gov>
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