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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 MHZz]. 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”. The liquid argon TPC requires
electronegative contaminants not to exceed 10" 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.

Page 3 of 299 5/16/2008



Terry Tope — 4.8.08
1.1-2/13

* 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 °C 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.
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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.

Page 11 of 299 5/16/2008



Terry Tope — 4.8.08
1.1-10/13

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 1.1.10: Insertion of the TPC into 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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1.3-1/6
1.3 - Instrument and Valve Summary
‘ Type‘ Tag ‘ Tag ‘ Loc ‘Service Range or Set point Model or Part # Signal Out Pressure
Analyzing elements
AE | 311 | Ar G2 | Oxygen Analyzer 0-100 ppm Delta F DF-150 0-10VDC 20 psig
AE | 52 | HAr | E7 [Filter regeneration moisture monitoring (close to exhaust) -80to+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 0-10VvDC ~atm
Check valves
CV | 9 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 |02 filter ion 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)-CAL 1/3-SS 6000 psig
Pump out ports
CVl| 138| V B3 |Luke vacuum pumpout and relief ~ 1 atm (spring removed) CcVvI V-1046-31 ~atm
CVl| 187 | V Cc7 sieve pbar dewar i vacuum pumpout/relief ~20 psig CcVvI V-1046-31 ~atm
CVl| 27| V B8 |Liquid argon source manifold insulating vacuum pumpout and relief ~20 psig CcVvI V-1046-31 ~atm
CVl| 22| V C7 | Pbar molecular sieve dewar inner vessel pumpout/relief ~ 1 atm (spring removed) CcVvI V-1046-31 ~ atm
CVI| 259| V D1 |Luke LN2-LAr condenser vacuum pumpout/relief ~20 psig CcVvI V-1046-31 ~atm
CVl| 260| V D2 |LN2 transfer line vacuum pumpout/relief near Luke ~20 psig CcVvI V-1046-31 ~atm
CVl| 285| V E6 |LN2 transfer line vacuum pumpout/relief dewar side ~20 psig CcVvI V-1046-31 ~atm
CVl| 286| V E6 |LN2 transfer line vacuum pumpout/PAB side ~20 psig CcVvI V-1046-31 ~atm
CVl| 289| V B4 | O2 filter pbar dewar insulating vacuum pumpout/relief ~20 psig CcVvI V-1046-31 ~atm
Cvl| 382| V A6 |Bo vacuum pumpout and relief ~ 1 atm (spring removed) CcVvI 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"we Barton ITI3 420 mA 500 psig |
Pneumatic valves
EP | 78 Ar C2 |Luke vapor pump equalization valve Normally Closed - 100 psig actuation pressure Swagelok S$S-6UW-V19-TF-6C 2500 psig
EP | 155| V C5 | Oxygen filter vacuum isolation normally closed VAT F29615-17 ~atm
EP | 205| Ar C1 |Luke Ar vent Normally Closed - 100 psig actuation pressure Swagelok S$S-6UW-V19-TF-6C 2500 psig
EP | 222| V C5 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
valves
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 38| V B5 | EP-383-V actuation normally closed MAC N-7557-019 120 VAC 100 psig
Filters
[ F [395] Ar | F3 |Removal of 02, H20, 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 e 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 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 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 |Notin use 0 - 50 sccm Dwyer RMA-151-SSV 100 psig
FI [ 392] Ar E2 |Notin use 0 - 50 sccm Dwyer RMA-151-SSV 100 psig
FI | 406 | HAr | D6 |Oxygen filter 1 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 f— f— f—
Heating elements
HTR| 8 HAr | B4 |Oxygen filter ion heater 1000W / 240 VAC Omega heating tape compressed by a clamshell e e
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 Cc7 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 f— f— f— f— f—
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 S$S-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 ization 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 7? 600 psig
MV | 89 N H6 |LN2 dewar pressure building loop isolation Nibco 7? 600 psig
MV | 90 \ F8 |LN2 dewar vacuum pump out Vacoa FO-100 ~atm
MV | 90 N H7 |LN2 dewar pressure relieving regulator isolation Nibco 7? 600 psig
MV | 91 \ F7 |LN2 dewar vacuum readout isolation Nupro S§S-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 11/2 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 7?
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 7? 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 S§S-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 S$S-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 S$S-8BG-V47 1000 psig
MV | 217 | Ar Cc7 sieve isolation Swagelok S$S-8BG-V47 1000 psig
MV | 218| Ar | C7 sieve isolatior it Swagelok SS-8BG-V47 1000 psig
MV | 224 V A5 | Transfer line insulating vacuum pump cart roughing pump port isolation e Leybold 281 53B1 e ~atm
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MV | 227 V A5 | Insulating vacuum pump cart port isolation e MKS 22406 e ~ 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 S$S-8BG-V47 1000 psig
MV | 241 Ar C3 | Gas contamination introduction isolation Parker/Veriflo 930 series 250 psig
MV | 242 | Ar C3 | Gas contamination introduction isolation Swagelok 6LV-DLBW4 3500 psig
MV | 244 | Ar C3 | Luke cryo isolation valve Swagelok S$S-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 S$S-8BG-V47 1000 psig
MV | 248 | Ar C2 |Luke vapor pump filter regeneration gas inlet isolation Swagelok S$S-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 S$S-8BG-V47 1000 psig
MV | 256 | Ar C2 |"Air lock" purge vent isolation Swagelok SS-4BG-V51 1000 psig
MV | 261 \ B1 |Luke vacuum isolation/pumpout Swagelok SS-4BG-V51 1000 psig
MV | 265| N2 B5 |Bleed up cylinder regulator outlet isolation Parker 7? ~ 1000 psig
MV | 267 V C5 | Transfer line insulating vacuum nitrogen bleed up isolation Swagelok S$S-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 | 205| 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 S$S-8BG-TW 1000 psig
MV | 329 | Ar C2 |Luke vapor pump vent isolation Swagelok S§S-8BG-TW 1000 psig
MV | 333 | CO2| D3 |Vapor pump transport CO2 bottle regulator outlet isolation Parker 4PM-PR4-VT-B 3000 psig
MV | 33| V C3 | Vapor pump cold valve vacuum isolation Swagelok SS-4BK-TW 1000 psig
MV | 337 | He | C3 |Vapor pump cold valve isolation at vapor pump top flange Nupro S$S-4P4T4 3000 psig
MV | 338 | He | C3 |Vapor pump cold valve He supply isolation Nupro S$S-4BK-VCO 1000 psig
MV | 342| He | D4 |He bottle regulator outlet isolation Unknown Brand Unknown Model ~ 3000 psig
MV | 354 | Ar C3 | Luke liquid space tap isolation Swagelok SS-4BG-V51 1000 psig
MV | 360 V B3 |Luke vacuum pumpout isolation valve MDC AV-250 ~atm
MV | 365 V C5 | O2 filter vacuum isolation (downstream tap) Swagelok S$S-8BG-V47 1000 psig
MV | 366 V C5 |02 filter vacuum isolation (upstream tap) Swagelok S$S-8BG-V47 1000 psig
MV | 368| V A7 |Bo vacuum isolation Swagelok SS-4BG-V51 1000 psig
MV | 369 V A7 |Bo vacuum isolation/pumpout Balzers EVA016H ~atm
MV | 370 | Ar C3 |Luke drain valve Swagelok S$S-8BG-V47 1000 psig
MV | 375| N2 | D5 |PT-27-N2 isolation Parker 4F-PR4-VT-B 3000 psig
MV | 379| Ar B6 |Bo LArfill isolation valve Swagelok S$S-8BG-V47 1000 psig
MV | 380 | Ar B6 | Bo venting isolation Swagelok S$S-8BG-V47 1000 psig
MV | 381 \ 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% H295% Ar O2 filter ion gas metering valve Swagelok S$S-S84-VH 2000 psig
MV | 418 | HAr | E7 |Regeneration vacuum pump isolation Whitey B-4284 2500 psig
MV | 419 | HAr | E7 |Regeneration vacuum pump isolation Whitey B-4284 2500 psig
MV | 420 | HAr | E7 |Regeneration vacuum pump bleed up Nupro B-4JN 600 psig
MV | 461 | HAr | C4 |One pass fill filter regeneration isolation Swagelok S$S-8BG-V47 1000 psig
MV | 480 | HAr | C5 |One pass fill filter regeneration isolation Swagelok S$S-8BG-V47 1000 psig
MV | V2 | Air | D8 |Regulator isolation Swagelok S$S-4P4T4 3000 psig
MV | V4 | Air | D8 |Regulator isolation Swagelok S$S-4P4T4 3000 psig
MV | V7 Ar D7 |Line pressure regulator outlet isolation Concoa Unknown Model ~ 1000 psig
MV | V8 | HAr | E7 |Regeneration vacuum pump isolation Swagelock B-4HK 1000 psig
MV | V9 | HAr | D6 |Bench top oxygen filter regeneration isolation Swagelok S$S-4P4T4 3000 psig
MV | V10| HAr | D7 |Regeneraton gas isolation Swagelok S$S-4P4T4 3000 psig
MV | V12| HAr | D7 |Regeneraton gas isolation Swagelok S$S-4P4T4 3000 psig
MV | V14 | HAr | E8 |5% H295% Ar O2 filter ion gas bottle regulator outlet isolation Matheson LMF4373 3500 psig
MV | V17| HAr | E7 |Regeneraton gas isolation e Swagelok S$S-4P4T4 e 3000 psig

Page 20 of 299 5/16/2008



Pressure regulators and pressure control valves

Terry Tope - 5.15.08
1.3-4/6

PCV| 70 N F8 |Fill shut off valve (Sensitive to vibration) 75 psig (MAWP) Messer / Chart MG-97 P e 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 4508 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 4508 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-V4AFM 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 4508 3000 psig
PCV| 388 | N2 E2 |Luke condenser back pressure regulator 30 psig Cash Acme 123-51in.x 1in. 7?7
PCV| 396 | HAr | E8 |O2 filter ion 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 e 4000 psig
Vacuum pressure elements
PE | 91 | V | F7 |LN2dewar insulating vacuum 10*- 1000 Torr Hastings gauge tube ~atm
PE | 225| V | B8 |Liquid argon source manifold insulating vacuum 10*- 1000 Torr Granville-Phillips 275 series gauge tube ~atm
PE | 226| V | A5 |Insulating vacuum pump cart inter stage pressure 10*- 1000 Torr Granville-Phillips 275seriesgaugetube | = - ~atm
PE | 230| V | A5 |Insulating vacuum pump cart pressure 10*- 1000 Torr Granville-Phillips 275seriesgaugetube | = - ~atm
PE | 231| V | A5 |Insulating vacuum pump cart pressure 10*- 1000 Torr Granville-Phillips 275 series gauge tube ~atm
PE | 234| V | C5 |Transfer line insulating vacuum pressure 10*- 1000 Torr Granville-Phillips 275 series gauge tube ~atm
PE | 235| V | C4 |Oxygen fitter insulating vacuum 10%- 1000 Torr Granville-Phillips 275series gaugetube | e ~atm
PE | 239| V | A2 |Seal monitor pump cart pressure 10°- 1000 Torr Granville-Phillips 275series gaugetube | ~atm
PE | 288| V | A4 |Cryostat pump cart vacuum pressure 10*- 1000 Torr Hastings gauge tube ~atm
PE | 312| V | G1 |Oxygen monitor manifold vacuum pump inlet pressure 10*- 1000 Torr Granville-Phillips 275 series gauge tube ~atm
PE | 348| V | D2 |LN2 transfer insulating vacuum near Luke 10 1000 Torr Hastings gauge tube ~atm
PE | 3711| V | A7 |Bo insulating vacuum gauge tube 10°- 1000 Torr Granville-Phillips 275series gaugetube | ~atm
PE | 408| V | E6 |LN2 transfer insulating vacuum dewar side 10*- 1000 Torr Hastings gaugetwe | 0 - ~atm
PE | 409| V | E6 |LN2 transfer insulating vacuum highbay side 10*- 1000 Torr Hastings gauge tube ~atm
PE | 416 | HAr | E7 |Regeneration gas vent line pressure 10*- 1000 Torr Granville-Phillips 275 series gauge tube ~atm
PE | 417 | HAr | E7 |Regeneration gas vacuum pump inlet pressure 10~ 1000 Torr Granville-Phillips 275seriesgaugetupe | - ~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
Pl {100 N G6 |LN2 dewar pressure 0 - 100 psig US Gauge 150025X 100 psig
Pl | 122] Ar F3 | Ar with O2 contamination source bottle pressure 0 - 3000 psig Scientific Gas Products Unknown model 3000 psig
Pl | 123] Ar F3 |Ar with O2 contamination source regulated bottle pressure 30 - 0 - 30 psig US Gauge Unknown model 30 psig
Pl | 126 | Ar F3 |Ar with O2 contamination source regulated line pressure 30 - 0 - 30 psig Unknown brand Unknown model 30 psig
Pl | 130 | N2 | G3 |N2 contamination source bottle pressure 0 - 3000 psig Wika Unknown model 3000 psig
Pl | 133 | N2 | D1 |LN2 vent back pressure 30 - 0 - 150 psig US gauge Unknown model 30 psig
Pl | 134 | N2 | G3 |N2 contamination regulated pressure 0 - 60 psig Wika Unknown model 60 psig
Pl | 243 | Ar C3 | Gas contamination sample bottle isolation 30-0-150 psig AMETEK 160552 150 psig
Pl | 263 | N2 B5 |Bleed up cylinder bottle pressure 0 - 4000 psig US Gauge BU-2581-AQ 4000 psig
Pl | 264 | N2 B5 |Bleed up cylinder regulated pressure 0 - 60 psig US Gauge CU-2581-HY 60 psig
Pl | 272 | Air | E1 |Shop air regulated pressure 0 - 160 psig Unknown brand Unknown model 160 psig
Pl | 274| Ar F2 | Argon purge cylinder pressure 0 - 4000 psig US Gauge BU-2581-AQ 4000 psig
Pl | 275| Ar F2 | Argon purge cylinder regulated pressure 0 - 60 psig US Gauge CU-2581-HY 60 psig
Pl | 293 | Air | D2 |Materials basket catch/release mechanism line pressure regulator outlet 0 - 200 psig 7? 7? 200 psig
Pl | 298| Ar G1 | Oxygen monitor line pressure regulator inlet pressure 0 - 3000 psig Matheson 63 - 2233V 3000 psig
Pl | 299| Ar G1 | Oxygen monitor line pressure regulator outlet pressure 30 - 0 - 60 psig Matheson 63 - 2206V 60 psig
Pl | 326 | Ar C1 | Material lock pressure 30 - 0 - 60 psig US Gauge Unknown model 60 psig
Pl | 331 | CO2| D3 |Vapor pump transport CO2 bottle regulator inlet pressure 0 - 2000 psig Unknown brand Unknown model 2000 psig
Pl | 332 | CO2| D3 |Vapor pump transport CO2 bottle regulator outlet pressure 0 - 200 psig US Gauge Unknown model 200 psig
Pl | 334 | CO2| D3 |Vapor pump cold valve pressure 30 - 0 - 30 psig US Gauge Unknown model 30 psig
Pl | 340 | He | D4 |He bottle regulator inlet 0 - 4000 psig US Gauge Unknown model 4000 psig
Pl | 341 | He | D4 |He bottle regulator outlet 0 - 60 psig US Gauge Unknown model 60 psig
Pl | 345| Ar B7 |LAr supply manifold line pressure 30 - 0 - 400 psig Ashcroft 25-1009SWXVKLL 400 psig
Pl | 363| Ar B7 |Bo cryostat Ar pressure 30-0-60 psig Ashcroft 25-1009SWXVKLL 60 psig
Pl | 397 | HAr | E8 |5% H295% Ar O2 filter ion gas bottle regulator inlet pressure 0 - 3000 psig Marsh Unknown model 3000 psig
Pl | 398 | HAr | E8 |5% H295% Ar O2 filter ion gas bottle regulator outlet pressure 0 - 30 psig Marsh Unknown model 30 psig
Pl | 403 | Ar D7 |Line pressure 0 - 2000 psig Wika Unknown model 2000 psig
Pl | 404 | Ar D7 |Line pressure regulator inlet pressure 0 - 4000 psig Concoa 0550-0208 4000 psig
Pl | 405| Ar D7 |Line pressure regulator outlet pressure 30 -0 - 100 psig Concoa 0550-0202 | e 100 psig
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PSV| 101 | N2 | D5 |LN2 transfer line trapped volume relief 100 psig Circle Seal 5100-2mvP | e 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 Cc7 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 ion gas supply relief 350 psig Nupro B-4CP2 3000 psig
PSV| 400 | HAr | E8 |5% H2 95% Ar O2 filter ion 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 |LArtransfer line insulating vacuum 10- 1Torr linear & 10*- 1000 Torr non-linear Granville-Phillips 275857-EU 0-10 VDC ~atm
PT | 17| v | A7 |Bo cryostat insulating vacuum 10*-1Torr linear & 10-1000 Torr non-linear Granville-Phillips 275857-EU 0-10 VDC ~atm
PT | 19| Vv | c1 |Luke Argon volume rough vacuum 10°-760 Torr Varian (Controller Part# L8350301) ConvecTorr gauge board (Part# L9887301) 0-7VDC, 1V per decade log-linear ~ atm
PT | 27 | N2 | D5 |Nitrogen transfer line pressure 0-100 psig Setra 205-2 0-5DC 100 psig
PT | 33| V | c1 |LukeArgon volume high vacuum 10" Torr to 10° Torr Varian (Controller Part# L8350301) UHV Bayard-Alpert gauge board (Part# L8321301) 0-10 VDC, 1V per decade log-linear ~atm
PT | 51 N G5 |LN2 dewar pressure transmitter 0-100 psig Setra 205-2 0-5DC ~atm
PT | 68 | Vv | B1 |Luke dewar insulating vacuum 10°- 1Torr linear & 10- 1000 Torr nondlinear Granville-Phillips 275857-EU 0-10 VDC ~atm
PT | 69 | V | A3 |Luke seal monitoring at vacuum pump 10*- 1Torr linear & 10*- 1000 Torr non-linear Granville-Phillips 275857-EU 0-10VDC ~atm
PT | 180| V | C7 |P-bar mole sieve filter dewar - filter insulating vacuum 10*-1Torr linear & 10-1000 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*-1Torr linear & 10-1000 Torr non-linear Granville-Phillips 275857-EU 0-10 VDC ~atm
PT | 185] V | C2 |Materials lock rough vacuum 10°-760 Torr Varian (Controller Part# L8350301) ConvecTorr gauge board (Part# L9887301) 0-7VDC, 1V per decade log-linear ~ atm
PT | 186] V | C2 |Materials lock high vacuum 10" Torr to 10° Torr Varian (Controller Part# L8350301) UHV Bayard-Alpert gauge board (Part# L8321301) 0-10 VDC, 1V per decade log-linear ~atm
PT | 154| V B4 | Pbar oxygen filtering dewar filter insulating vacuum 10-1Torr linear & 10“-1000 Torr non-linear Granville-Phillips 275857-EU 0-10 VDC ~atm
PT | 320 | Air | D1 |Shop Air Pressure Ti 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] Vv | B7 |BoArgon volume rough vacuum 10°-760 Torr Varian (Controller Part# L8350301) ConvecTorr gauge board (Part# L9887301) 0-7VDC, 1V per decade log-linear ~ atm
PT | 382| V | B5 |Bovacuum pump cart inlet full range pressure transmitter 5 x 10" to 1000 mbar Leybold ITR-90 0-10VDC ~atm
PT | 385| V | A5 |Bovacuum pump cart rough pump inlet pressure transmitter 5 x 10 to 1000 mbar Leybold TTR-918 2-10VDC ~atm
Rupture disks
RD | 99 N H6 |LN2 dewar rupture disk 105 psig Fike ceuBT L e > 105 psig
RD | 100| N H7 |LN2 dewar rupture disk 105 psig Fike CPUBT > 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 \ B4 | Pbar oxygen filtering dewar filter i 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 S > 55 psig
Pressure regulators
‘ RV ‘ 36 ‘ N ‘ G6 ‘LNZ dewar pressure building regulator 30 psig Cash Acme - 400 psig
‘ RV ‘ 90 ‘ N ‘ H6 ‘LNZ dewar pressure relieving regulator 35 psig Cash Acme FR ‘ 400 psig ‘
Strainers
[ s [ 91 [ N | E7 |LN2dewarfill line strainer Mueller 1715Class300 [ | 500 0sia® 150 °F_|
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Relief valves

Terry Tope - 5.15.08

1.3-6/6

SV | 90 N F7 |LN2 dewar fill line trapped volume relief 200 psig Circle Seal 5120B-4mMP-200 | e 2400 psig

SV | 90 \ 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 81512166 > 75 psig

SV | 100 N H7 |LN2 dewar relief valve 75 psig Anderson Greenwood 81512166 > 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 | 02 filter ion gas pre-heater temperature (control) -200 to 1300 C Omega Type K thermocou

TE | 57 Ar B4 | 02 filter ion gas pre-heater temperature (hard wired interlock) -200 to 1300 C Omega Type K thermocou

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 Cc7 sieve regeneration ire (hard wired interlock) -200 to 1300 C Omega Type K thermocou

TE | 216| Ar | C7 sieve regeneration re (controls) -200 to 1300 C Omega Type K thermocou

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 Ire 70-400K Minco 100 ohm platinum RTD (Part # S201PD)

TE | 411 | CS | C3 |Luke top flange Ire -200 to 1300 C Omega Type K thermocou

TE | 412| CS *** | Luke top flange Ire -200 to 1300 C Omega Type K thermocou

* 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” Torr. Typically the
cryostat reaches a pressure in the 5 x 10 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. Ifitis 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. Ifitis 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.

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.

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.

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.

Close MV-365-V and MV-366-V. Turn off the turbo pump. Allow rough pump to run until
LN2 trap is warm.

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.

Empty liquid dewars should be removed using 2.1h — Procedure for Removing
Stockroom Liquid Argon Dewars from the System.

MV-213-Ar and MV-204-Ar should be verified as closed. Follow procedure 2.1q -
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.

MV-360-V should be closed and the turbo pump on the cryostat pump cart turned off and
allowed to spin down.

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.

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

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.

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.

Close MV-239-Ar.

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

2.1q — 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/lempty
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. Ifitis 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 °C 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. Ifitis 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.

Page 34 of 299 5/16/2008



Terry Tope - 5.7.08
2.1a-f - 9/11

6. IniFix, turn on the oxygen filter regeneration heaters HTR-8-Ar and HTR-55-Ar. Make
the set point for both heaters 270 °C.

7. Once the temperatures reported by TE-56-Ar and TE-54-Ar are stable, supply the 5% H;
—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 Torr. Typically
the cryostat reaches a pressure in the 5 x 10 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. Ifitis 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.

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.

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

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.

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.

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.

Close MV-365-V and MV-366-V. Turn off the turbo pump. Allow rough pump to run until
LN2 trap is warm.

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.

Empty liquid dewars should be removed using 2.1h — Procedure for Removing
Stockroom Liquid Argon Dewars from the System.

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.

MV-381-V should be closed and the turbo pump on the cryostat pump cart turned off and
allowed to spin down.

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.

2.11 — 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) EN000115 / CR.

2. 0O.D.H Training EN000029 / CR.

3. Successful completion of Pressure Safety Orientation EN000271 / CR.

4. Successful completion of Compressed Gas Cylinder Safety EN000213 / 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.

Terry Tope - 4.8.08

Cryogenic OD.H OD.H Pressure Compre§sed Review System
Person ID # Safety Training Training Safety Gas Cylinder Documents
(General) Completed Due Orientation Safety
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

23-11
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3.1 - FMEA

Type Tag Tag Service

Analyzing elements

Failure or Error Mode

Hazard or Effect

Hazard Class
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3.1-119

Remarks

AE | 52 | HAr |Filter regeneration moisture monitoring (close to exhaust) Incorrect reading 02 filter regeneration may be incomplete Safe Operational problem

AE | 151 | HAr |Filter regeneration moisture monitoring (close to filter) Incorrect reading 02 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
Potential trapped volume if PCV-70-N closes. Low probability of a check
valve failing shut. Pressure in a trapped volume will increase the

CVv | 90 N |LN2 dewar fill line check valve Fails closed LN2 dewar cannot be filled Marginal probability that a stuck check valve would open. PQVJO'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 [LArventline Fails open Wind effects felt on exhaust Safe No hazard

CV | 150 | Ar [LArventline Fails closed Potential trapped volume Marginal Low probablllty of a check valve fa!l!ng 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
Operational problem. Fermilab designed and fabricated check valve has

CV | 100 | N |LN2 dewar liquid use line Fails closed Potential trapped volume Marginal 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 ggsratlonal problem, under vacuum contaminants could be pulled into air

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

y . . . . 400 psig GAr could back flow and damage the flowmeter if MV-9-HAr or

CV | 309 | HAr |O2 filter regeneration check valve Fails open F1-406-HAr could be over pressurized Marginal sither 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 bIo<l:ked, PE-416-HAr over| Marginal Operational problem, can't regenerate O2 filter and vacuum transmitter

pressurized 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
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

CVI| 138 | V |Luke vacuum pumpout/relief Fails closed No relief for insulating vacuum Marginal 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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Operational problem, can't improve vacuum, no insulating vacuum relief if
inner vessel fails. For liquid to reach the insulating vacuum space, both
CVI | 187 | V |Molecular sieve pbar dewar insulating vacuum pumpout/relief Fails closed Insulating vacuum isolated Marginal the. LAr piping and the ASME inner VES.SE| mUSt. fail which is e)l(tremely
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
Operational problem, can't improve vacuum, no insulating vacuum relief if
inner pipe fails. Low probability of CVI sticking shut as pressure builds
CVI| 207 | V |Liquid argon source manifold insulating vacuum pumpout and relief Fails closed Insulating vacuum isolated Marginal 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
Operational problem, can't improve vacuum, no insulating vacuum relief if
CVI| 220 | V |Pbar molecular sieve dewar inner vessel pumpout/relief Fails closed Insulating vacuum isolated Safe 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
Operational problem, can't improve insulating vacuum, no insulating
vacuum relief if inner pipe fails. There is a low probability of the high
CVI| 259 | V |Luke LN2-LAr condenser insulating vacuum pumpout/relief Fails closed Insulating vacuum isolated Marginal 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
Operational problem, can't improve vacuum, no insulating vacuum relief if
inner pipe fails. There is a low probability of the high quality stainless
CVI| 285 | V |LN2 transfer line vacuum pumpout/relief dewar side Fails closed Insulating vacuum isolated Marginal steel inner piping failing. There is al§o alow problablllty 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 |02 filter pbar dewar insulating vacuum pumpout/relief Fails open Insulating vacuum spoiled Marginal Pressure in insulating vacuum space could crumple inner vessel
No insulating vacuum relief. It would require a double failure to pressurize
CVI| 289 | V |02 filter pbar dewar insulating vacuum pumpout/relief Fails closed Insulating vacuum isolated Marginal the insulating vacuum. Both the piping inside the inner vessel and the
inner vessel itself would have to fail.
CVI| 382 | V |Boinsulating vacuum and relief Fails open Insulating vacuum spoiled Safe Operational problem, PSV-377-Ar can handle excess boil off
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
CVI| 382 | V |Boinsulating vacuum and relief Fails closed No relief for insulating vacuum Marginal the spring reltalnlng clip in place has b'een epoxied shut SO aspring 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 Arvent Fails open Cryostat cannot build pressure Safe gz:;ztlonal problem - Gar will be vented and system will no longer be
EP | 205 | Ar |Luke Arvent 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 Molecular sieve insulating vacuum isolation Fails closed Insulating vacuum isolated Safe Operational problem - can't improve vacuum
EP | 236 Cryostat pump cart inter-stage isolation (turbo protection) Fails open Turbo not protected Safe Operational problem - turbo vacuum pump could be damaged
EP | 236 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 |LArtransfer line insulating vacuum isolation Fails open Insulating vacuum spoiled Safe Operational problem - high thermal load during LAr transfer
EP | 362 | V |LArtransfer 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 gz:;ztlonal problem - Gar will be vented and system will no longer be
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 02, H20, 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 02, H20, and HCs from Luke contamination gas Does not filter Contaminants not removed from test gas Safe Sggﬁgﬂ?;:ﬁ;gzﬁ:n - contamination test could be invalidated by O2 or
Flowmeters
FlI | 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
FlI | 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
FlI | 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
FlI | 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
FlI | 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
FlI | 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
FlI | 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
FlI | 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
FlI | 282 | Ar 02 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
Fl | 282 | Ar 02 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
Fl | 283 | Ar 02 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
Fl | 283 | Ar 02 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
Fl | 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
Fl | 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 |Airlock 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 |Airlock argon purge Incorrect reading Too little or too much purge flow Safe Operational problem - purge may be slower than expected
Fl | 390 | Ar |BoASME 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 |BoASME relief purge (PSV-378-Ar) Incorrect reading Too little or too much purge flow Safe Operational problem - possible oxygen diffusion into clean LAr spaces
Fl | 391 | Ar |Spare Not in service - - -—--
Fl | 392 | Ar |Spare Not in service - - -—--
Fl | 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 Itis 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 I?S\{-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 I?S\{-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 Sper""“"”a' problem - dewar vapor pressure not indicated, consult PT-51-
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 OG;:r?:dcould be damaged if equalization valve can't be closed and re-
MV | 86 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 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 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 gep:é?:t?::l problem - closing MV-88-N or MV-89-N stops vapor

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

MV | 97 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 Yalve is open fo 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 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 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 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 Sf;;ahonal problem - contamination gas will be vented thru vacuum

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 VaIer Cannotlbe accessed from out§|de the vacuum jacket. Itis 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 analysus |r?d|cates 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 i filter is removed from system and
regenerated on a bench top
To create trapped volume, MV-202-Ar must also be closed. MV-202-Ar

MV | 208 | Ar |Filter assembly outlet isolation Fails closed Potential trapped volume Safe cannot be accessed from outside the vacuum jacket. Itis 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 Operatlonal prc?bleml- contamlnatlonl 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 analysus |r?d|cates 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 t(i)n;z:ratlonal problem - possible turbo pump damage if opened at wrong

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 t(i)n;z:ratlonal problem - possible turbo pump damage if opened at wrong

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 t(i)n;z:ratlonal problem - possible turbo pump damage if opened at wrong

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 t(i)n;z:ratlonal problem - possible turbo pump damage if opened at wrong

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

MV | 237 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 ﬁfjrfﬁ::rnal problem - purity difficult to obtain without dumping iniial flow

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 COOprﬁ;ar:%r;aﬁloiroblem - could depressurize cryostat or introduce
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 COopnti;a::ic:]r;aﬁloaroblem - could force liquid from cryostat or introduce
MV | 248 | Ar |Luke vapor pump filter regeneration gas inlet isolation Fails closed Filter regeneration not possible Safe Operational problem
MV | 251 "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 | 2562 | Ar |"Air lock" argon bottle purge isolation Fails open Air lock is constantly purged Safe Operational problem
MV | 2562 | 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 | 2563 | Ar |"Air lock" cryostat vapor purge isolation Fails open Air lock is constantly purged Safe Operational problem
MV | 2563 | Ar |"Air lock" cryostat vapor purge isolation Fails closed Air lock can't be purged with boil-off gas Safe Operational problem
MV | 254 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 | 2565 | Ar |Luke manual vapor vent Fails open Cryostat blows down Safe Operational problem
MV | 2565 | 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 Luke insulating vacuum isolation/pumpout Fails open Cryostat could loose insulating vacuum Safe Operational problem - PSV-210-Ar can handle boil-off
MV | 261 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 COopnet;an:i;r;aﬁloaroblem - Air lock can't be purged which could lead to cryostat
MV | 291 | Ar |Airlock purge oxygen monitor isolation Fails open No hazard Safe Redundant valving can provide equivalent functionality
MV | 291 | Ar |Airlock 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 :/ni)(i\uituor:]citglrc]ipb(;ogfmt;zZZ?;%ZiEgrsxceSSive inlet pressure or oxygen
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 ﬁzgr:itri;)tneailfalrc?vt\;lrz::t(;raé:::;igtuirr?;it Zagg)'lzt;reading will be
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 Opgratlonal problem - When filter is removgd forlreggneratlon, 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 problnlem - 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 gzmﬁg;ﬂ problem - liquid in cold valve actuator may cause

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 DO;):nratlonal problem - liquid cannot be filtered unless the cold valve is

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 DO;):nratlonal problem - liquid cannot be filtered unless the cold valve is

MV | 338 | He |Vapor pump cold valve He supply isolation Fails open Can't open cold valve Safe DO;):nratlonal problem - liquid cannot be filtered unless the cold valve is

MV | 338 | He |Vapor pump cold valve He supply isolation Fails closed Cold valve can't be closed in LAr Safe lOperatlonalI 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 lOperatlonalI 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 Operatlf)na! 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 COc?r:et;arg;)nr;aﬁlop:]roblem - may not be able to effectively remove

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 Operatlf)na! problem - may not be able to effectively remove
contamination

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

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

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

MV | 369 | V |Boinsulating 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 LArfill isolation valve Fails open Can't bypass during cooldown Safe ﬁfjrfﬁg:rnal problem - purity difficult to obtain without dumping initial flow
MV | 379 | Ar |Bo LArfill 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 Coc?r:et;ar:]i;)nr;aﬁlop:]roblem - cryostat must be evacuated to remove air
MV | 386 | V |Bovacuum pump cart rough pump isolation Fails open No effect Safe Normal position
MV | 386 | V |Bovacuum pump cart rough pump isolation Fails closed Can't evacuate cryostat Safe Coc?r:et;ar:]i;)nr;aﬁlop:]roblem - cryostat must be evacuated to remove air
MV | 387 | V |Bovacuum pump cart bleed up valve Fails open Can't evacuate cryostat Safe Coc?r:et;ar:]i;)nr;aﬁlop:]roblem - cryostat must be evacuated to remove air
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
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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
LN2 dewar could be over pressurized during a fill if dewar relief valves are
PCV| 70 N | Fill shut off valve Fails open LN2 dewar not protected from overfill Marginal g:jg;;;?{;r:? gg/h_ G;émkf:”tr::il;%ig;giﬁs;%i?\grl -I}T?Sreaif]i;}:’ 3?;&/
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 |Arwith O2 contamination source bottle regulator Fails open Downstream components see bottle pressure Safe PSV-136-Ar protects downstream components
PCV| 121 | Ar |Arwith O2 contamination source bottle regulator Fails closed Contamination gas cannot flow Safe Operational problem
PCV| 125| Ar |Arwith O2 contamination source line regulator Fails open No additional line pressure regulation Safe Operational problem
PCV| 125| Ar |Arwith 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
Possible damage to oxygen meter if purge gas pressure is too high.
PCV| 297 | Ar |Oxygen monitor inlet pressure regulation Fails open Purge gas over pressurizes meter Marginal 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 ;(i;/o-?Jss?g-;c\:/vaizc?i”se:ei%)(()%e;:igrSSOS; fogr:p'\r/l:;:l?;-coz is rated for
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 E;X:gzgi::"eves excess pressure and MV-342-He can handle the
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 ::Sr;/t-:g%:ﬁ;tﬁzdpfei\éfrgo-HAr relieve excess pressure and MV-V14-HAr
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

Page 50 of 299 5/16/2008




Terry Tope - 5.7.08

3.1-12/19
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 (p)r;;g:::)nal problem - time could be spent investigating a non-existent
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 (p)r;;g:::)nal problem - time could be spent investigating a non-existent
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 (p)r;;g:::)nal problem - time could be spent investigating a non-existent
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 (p)r;;g:::)nal problem - time could be spent investigating a non-existent
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 (p)r;;g:::)nal problem - time could be spent investigating a non-existent
PE | 235| V |Oxygen filter insulating vacuum Incorrect reading -low Insulating vacuum worse than indicated Safe ;(erﬂiirgg:naar:oa::rl'l?nrzgs:s:g(r:‘nre”rﬂuciy? :ﬁisssviléﬂ:?nLAr transfer, PT-15-V
PE | 235| V |Oxygen filter insulating vacuum Incorrect reading - high Vacuum better than indicated Safe (p)r;;g:::)nal problem - time could be spent investigating a non-existent
PE | 238 | V |Seal monitor pump cart pressure Incorrect reading -low Seal vacuum worse than indicated Safe gﬂiirgg:r::oaﬁoet;lfnrgés%?z%\;iu;r?hicsac;EES;O contamination, PT-69-V
PE | 238 | V |Seal monitor pump cart pressure Incorrect reading - high Vacuum better than indicated Safe Sr‘z)g::?rl;?ll-ggf/l??c)\-/izrgs:r?gtlgek:emsepair:}r:r:aﬁti%?tmigs?/QSSLJ::GSEM
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 (p)r;;g:::)nal problem - time could be spent investigating a non-existent
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 (p)r;;g:::)nal problem - time could be spent investigating a non-existent
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 Sr%g:::ns:z?‘;ggl_?/mp;;i’r&zgc;:?uiz:5‘?2;::25;32::23 anon-existent
PE | 371 | V |Boinsulating vacuum gauge tube Incorrect reading -low Insulating vacuum worse than indicated Safe Voapcirjg]ogz:lgfrfc’:rl]zrg}!?r;i(\e/rS?OT%LC;S::;’J: di:ﬁi;ﬁ?::t:t?::le loss of
PE | 371 | V |Boinsulating vacuum gauge tube Incorrect reading - high Insulating vacuum better than indicated Safe (p)r%a:::nslrﬂrg-b\llep?c;vtii(;?ez ?251]1gznstpiﬁ;trhn:;ittig?g:g a non-existent
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 (p)r;;g:::)nal problem - fime could be spent investigating a non-existent
PE | 409 | V |LN2 transfer insulating vacuum dewar side Incorrect reading -low Insulating vacuum worse than indicated Safe Sr%?/irggzrzldz;odtiimr;slta;LrJgn?;:?aut:gr:oss during LN2 transfer, PE-348-V
PE | 409 | V |LN2 transfer insulating vacuum dewar side Incorrect reading - high Vacuum better than indicated Safe Sr‘;a::?’ns:;gigl_?/mp;gi:&zgc;:guiz:&iﬁ;mﬁiﬁz::gg_a non-existent
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 (p)r;;g:::)nal problem - time could be spent investigating a non-existent
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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Pl 12 | Ar |Luke cryostat Ar pressure Incorrect reading -low No hazard Safe Operational problem - PT-11-Ar provides redundant instrumentation

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

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

Pl | 44 | N2 |LN2 transfer line pressure Incorrect reading - high No hazard Safe Operational problem - PT-27-N2 provides redundant instrumentation
Operational problem - could make it difficult for tanker truck driver to

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

Pl | 100 | N |LN2 dewar pressure Incorrect reading - high No hazard Safe match dewar pressure during fill, PT-51-N provides redundant
instrumentation

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

Pl | 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

Pl | 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

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

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

Pl | 299 | Ar |Oxygen monitor line pressure regulator outlet pressure Incorrect reading -low Over pressurize oxygen meter Marginal !z;ﬁgggnvti:v;g/\;?%%g;r::ll?rig:':gi?heeemngfrh pressure drop

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

Pl | 326 | Ar |Material lock pressure Incorrect reading -low No hazard Safe Operational problem

Page 52 of 299 5/16/2008




Terry Tope - 5.7.08

3.1-14/19
Pl | 326 | Ar |Material lock pressure Incorrect reading - high No hazard Safe Operational problem
Pl | 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
Pl | 331 | CO2 |Vapor pump transport CO2 bottle regulator inlet pressure Incorrect reading - high No hazard Safe Operational problem - bottle may empty despite indication
Pl | 332 | CO2 |Vapor pump transport CO2 bottle regulator outlet pressure Incorrect reading -low No hazard Safe Operational problem - PI-334-CO2 provides redundant instrumentation
Pl | 332 | CO2 |Vapor pump transport CO2 bottle regulator outlet pressure Incorrect reading - high No hazard Safe Operational problem - PI-334-CO2 provides redundant instrumentation
Pl | 334 | CO2 |Vapor pump cold valve pressure Incorrect reading -low No hazard Safe Operational problem
Pl | 334 | CO2 |Vapor pump cold valve pressure Incorrect reading - high No hazard Safe Operational problem
Pl | 340 | He |He bottle regulator inlet Incorrect reading -low No hazard Safe Operational problem
Pl | 340 | He |He bottle regulator inlet Incorrect reading - high No hazard Safe Operational problem
Pl | 341 | He |He bottle regulator outlet Incorrect reading -low No hazard Safe Operational problem
Pl | 341 | He |He bottle regulator outlet Incorrect reading - high No hazard Safe Operational problem
Pl | 345 | Ar |LAr supply manifold line pressure Incorrect reading -low No hazard Safe Operational problem
Pl | 345 | Ar |LAr supply manifold line pressure Incorrect reading - high No hazard Safe Operational problem
Pl | 363 | Ar |Bo cryostat Ar pressure Incorrect reading -low No hazard Safe Operational problem
Pl | 363 | Ar |Bo cryostat Ar pressure Incorrect reading - high No hazard Safe Operational problem
Pl | 397 | HAr |5% H2 95% Ar O2 filter regeneration gas bottle regulator inlet pressure Incorrect reading -low No hazard Safe Operational problem
Pl | 397 | HAr |5% H2 95% Ar O2 filter regeneration gas bottle regulator inlet pressure Incorrect reading - high No hazard Safe Operational problem
Pl | 398 | HAr |5% H2 95% Ar O2 filter regeneration gas bottle regulator outlet pressure Incorrect reading -low No hazard Safe Operational problem
Pl | 398 | HAr |5% H2 95% Ar O2 filter regeneration gas bottle regulator outlet pressure Incorrect reading - high No hazard Safe Operational problem
Pl | 403 | Ar |Line pressure (notin use) Incorrect reading -low No hazard Safe Operational problem
Pl | 403 | Ar |Line pressure (notin use) Incorrect reading - high No hazard Safe Operational problem
Pl | 404 | Ar |Line pressure regulator inlet pressure (not in use) Incorrect reading -low No hazard Safe Operational problem
Pl | 404 | Ar |Line pressure regulator inlet pressure (not in use) Incorrect reading - high No hazard Safe Operational problem
Pl | 405 | Ar |Line pressure regulator outlet pressure (not in use) Incorrect reading -low No hazard Safe Operational problem
Pl | 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
Low probability of a quality Circle-Seal relief valve failing completely shut.
PSV| 101 | N2 |LN2 transfer line trapped volume relief Fails closed Potential trapped volume Marginal 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
Low probability of a quality Circle-Seal relief valve failing completely shut.
PSV| 117 | N2 |LN2 transfer line trapped volume relief Fails closed Potential trapped volume Marginal 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
Low probability of a quality Circle-Seal relief valve failing completely shut.
PSV| 118 | N2 |LN2 transfer line trapped volume relief Fails closed Potential trapped volume Marginal 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
Requires both the bottle regulator and the relief valve to fail to create a
PSV| 136 | Ar |Contamination gas supply line relief Fails closed Components unprotected against bottle failure Marginal 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
Requires both the bottle regulator and the relief valve to fail to create a
PSV| 137 | N2 |Bleed up gas supply line relief Fails closed Components unprotected against bottle failure Marginal 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 B‘.e”OWS n Felrm||ab de5|glned 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 -
Low probability of a quality Circle-Seal relief valve failing completely shut.
PSV| 203 | Ar |Liquid argon source manifold trapped volume relief Fails closed Potential trapped volume Marginal 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
. . . Very low probability of an ASME coded relief valve failing shut. Rupture
PSV| 210 | Ar |Luke LAr volume pressure relief Fails closed Potential trapped volume Safe 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 Irr;téze::;ctiicl)c;sses during LAr transfer or increased heat load during filter
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 Olpferat'lonal problem - poor LAr transfer, contamination introduction if
piping is evacuated
Low probability of a quality Circle-Seal relief valve failing completely shut.
PSV| 219 | Ar |Molecular sieve trapped volume relief Fails closed Potential trapped volume Marginal 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 Olpferat'lonal problem - poor LAr transfer, contamination introduction if
piping is evacuated
Low probability of a quality Circle-Seal relief valve failing completely shut.
PSV| 249 | Ar |LAr transfer line trapped volume relief Fails closed Potential trapped volume Marginal 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 Olpferat'lonal problem - poor LAr transfer, contamination introduction if
piping is evacuated
Low probability of a quality Circle-Seal relief valve failing completely shut.
PSV| 250 | Ar |LAr transfer line trapped volume relief Fails closed Potential trapped volume Marginal 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 Operatllopallproblem . POSS.Ible. o-ring O2 diffusion contamination, ODH
analysis indicates GAr venting is acceptable
Requires both the bottle regulator and the relief valve to fail to create a
PSV| 276 | Ar |Argon purge pressure relief Fails closed Downstream components unprotected Marginal 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
Low probability of a quality Circle-Seal relief valve failing completely shut.
PSV| 313 | Ar |Materials lock pressure relief Fails closed Materials lock & and bellows over pressurized Marginal As pressure in the trappled volume exgeeded th? relief valve setl 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
Requires both the bottle regulator and the relief valve to fail to create a
PSV| 335 | CO2 |Vapor pump transport CO2 supply relief (also relieves He when in Luke) Fails closed Downstream components unprotected Marginal 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
Requires both the bottle regulator and the relief valve to fail to create a
PSV| 343 | He |He bottle supply relief valve Fails closed Downstream components unprotected Marginal hazard. There is a very low probability of both components failing
simultaneously.
PSV| 344 | V |LArtransfer line vacuum relief Fails open Spoils LAr transfer line insulating vacuum Safe Operational problem - Increased liquid loss during LAr transfer
Unlikely a cryogenic leak form the inner line could build up much pressure
PSV| 344 | V |LArtransfer line vacuum relief Fails closed Potential trapped volume Marginal 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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Very low probability of an ASME coded relief valve failing shut. Rupture
PSV| 377 | Ar |Bo LAr volume pressure relief Fails closed Potential trapped volume Safe 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
Requires both relieving regulator and the relief valve to fail to create a
PSV| 389 | N2 |Luke condenser trapped volume relief Fails closed Potential trapped volume Safe 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
Requires both the bottle regulator and the relief valve to fail to create a
PSV | 400 | HAr |5% H2 95% Ar O2 filter regeneration gas supply relief Fails closed Downstream components unprotected Safe 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 | 1 Ar | Luke Ar vapor pressure Incorrect reading -low Luke vapor pressure hard to control Safe Operational problem - PI-12-Ar provides redundant instrumentation
PT | 1 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 Operatlonall problem - |r.1creased 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 - ime could be spent investigating a non-existent
9 9 9 9 problem, PE-235-V provides redundant instrumentation
Operational problem - possible high LAr boil-off leading to increased LN2
PT | 17 V  |Bo dewar insulating vacuum Incorrect reading -low Insulating vacuum worse than indicated Safe 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 (p)r;;g:g:)nal problem - time could be spent investigating a non-existent
PT | 19 V  |Luke Argon volume rough vacuum Incorrect reading -low lon gauge PT-33-V could be damaged Safe Operational problem
PT | 19 V  |Luke Argon volume rough vacuum Incorrect reading - high lon 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 Opgratlonal probllem - 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 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
Operational problem - possible high LAr boil-off leading to increased LN2
PT | 68 V  |Luke dewar insulating vacuum Incorrect reading -low Insulating vacuum worse than indicated Safe 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 (p)r;;g:g:)nal problem - time could be spent investigating a non-existent
PT | 69 V | Luke seal monitoring at vacuum pump Incorrect reading -low Insulating vacuum worse than indicated Safe S;Jj;atlonal problem - poor vacuum can lead to O2 diffusion thru o-ring
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PT | 69 V | Luke seal monitoring at vacuum pump Incorrect reading - high Insulating vacuum better than indicated Safe (p)r%g:::nal problem - time could be spent investigating a non-existent

PT | 180 | V |P-bar mole sieve filter dewar - filter insulating vacuum Incorrect reading -low Insulating vacuum worse than indicated Safe Opgratlonal probllem - 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 (p)r%g:::nal problem - time could be spent investigating a non-existent

PT | 181 | V |P-bar mole sieve filter dewar - dewar insulating vacuum Incorrect reading -low Insulating vacuum worse than indicated Safe Opgratlonal probllem - 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 (p)r%g:::nal problem - time could be spent investigating a non-existent

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

PT | 185 Materials lock rough vacuum Incorrect reading - high lon 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 i(zgli;atlonal problem - if not properly evacuated, contamination may be an

PT | 186 | V |Materials lock high vacuum Incorrect reading - high Vacuum better than indicated Safe (p)r%g:::nal problem - time could be spent investigating a non-existent

PT | 154 | V |Pbar oxygen filtering dewar filter insulating vacuum Incorrect reading -low Insulating vacuum better than indicated Safe (p)r%g:::nal problem - time could be spent investigating a non-existent

PT | 154 | V |Pbar oxygen filtering dewar filter insulating vacuum Incorrect reading - high Insulating vacuum worse than indicated Safe Opgratlonal probllem - 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 oo 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 POSS.'Ible operational problems if argon purge supply is too low, PI-275-Ar
provides a redundant measurement

PT | 373 | Ar |BoAr vapor pressure Incorrect reading -low Luke vapor pressure hard to control Safe Operational problem - P1-363-Ar provides redundant instrumentation

PT | 373 | Ar |BoAr vapor pressure Incorrect reading - high Luke vapor pressure hard to control Safe Operational problem - P1-363-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 Irr;t;::::;ctiicl)c;sses during LAr transfer or increased heat load during filter

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 Irr;t;::::;ctiicl)c;sses during LAr transfer or increased heat load during filter

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 ‘ \% ‘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 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
Low probability of a quality Circle-Seal relief valve failing completely shut.
SV | 90 N |LN2 dewar fill line trapped volume relief Fails closed Potential unrelieved trapped volume Marginal 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 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
Low probability of a quality Circle-Seal relief valve failing completely shut.
SV | 96 N |LN2 dewar pressure building loop trapped volume relief Fails closed Potential unrelieved trapped volume Marginal 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
Low probability of a quality Circle-Seal relief valve failing completely shut.
SV | 97 N |LN2 dewar pressure building loop trapped volume relief Fails closed Potential unrelieved trapped volume Marginal 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
Low probability of a quality Circle-Seal relief valve failing completely shut.
SV | 98 N |LN2 dewar pressure building loop trapped volume relief Fails closed Potential unrelieved trapped volume Marginal 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 |02 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 Isfor;:;?egljrzi?ﬂlzte”mk also fails, heater could overheat and damage silver
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 ;;:I{SC controls fails, heater could overheat and damage silver saldered
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 ;;:I{SC controls fails, heater could overheat and damage silver soldered
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 ;;:I{SC controls fails, heater could overheat and damage silver soldered
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 |02 filter internal temperature (control) Incorrect reading -low Filter regeneration temperature too high Safe :;22:::1"8[’ interlock also fails, heater could overheat and damage filter
TE | 54 | Ar |02 filter internal temperature (control) Incorrect reading - high Filter regeneration temperature too low Safe Operational problem - poorly regenerated filter could result
TE | 56 Ar |02 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 |02 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 |02 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 |O2filter regeneration gas pre-heater temperature ((hard wired interlock) Incorrect reading - high Filter regeneration gas c::ater prematurely shuts 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 :;22:::1"8[’ interlock also fails, heater could overheat and damage filter
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 gor;:;c::gr;ciinlpsterlock also fails, heater could overheat and damage silver
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 ;;:I{SC controls fails, heater could overheat and damage silver soldered
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 :;22:::1"8[’ interlock also fails, heater could overheat and damage filter
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

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.

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
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:

ft’ 50.41b ft’

X T x =174,307 > where 50.4 Ib/ft® is the density
7481gal - fi* ~ 0.072471b

1,875gal x
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of liquid nitrogen and 0.07247 Ib/ft® 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

ft’ UCN fr’
28.32liters  ft°  0.10341b

is 4 x160liters x =19,015f¢".

The equivalent amount of warm argon gas in the 250 liter cryostat is

ft’ 871b ft’

250/iters x X —— X =
28.32liters  ft 0.10341b

7,428 ft°.

If the four stockroom dewars are instantly vented into PAB, the minimum O2
concentration reached is

138,425 ), —19,015 ft.

argon

=119,410 ¢

air

119,410, x0.21=25,076 ft.

oxygen

25,076ﬁngeﬂ
—'“% X 100 = 18-1%0x\fg€n *
138,425 ft, '

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 fi.,, - (19,015 ft;

air argon

+2x 7,428 ft

argon

) =104,554 f¢>

air

104,554 ft>. x0.21=21,956 f’

air oxygen

21956 /1%, .,
S 100 =15.9%, 0 -
138,425 ft° :

air

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
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stratified argon layer for four stock room dewars instantly dumped into the room
is

19,015 f

2 394,
100 ft x 49 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 f1° +2x 7,428 f*

6.9 ft.
100 ft x 49 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
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
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K
where
= rate of liquid nitrogen flow in pounds per hour.
= internal diameter of pipe, = 0.5 -2 x 0.035 = 0.43 inches.
AP = differential pressure, 93.9 psi.
p= density of liquid nitrogen saturated at 93.9 psig, 43.19 Ib/ft>.
K= resistance coefficient, sum of Kpipe + Keibow + Kuawe + Kexit
Kboipe = resistance of straight pipe outside PAB, K, = f% 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.
Keibow = resistance of a standard elbow which = 30 x fr where fr 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
Kvave = resistance of the Cryolab isolation valve at the dewar exit,
894d*
wave = ——5— Where
C/= flow coefficient for valve, C, = 12 for Cryolab valve
Re = Reynolds number, ratio of inertial and viscous forces

R, = 6.31E where
du

u= absolute viscosity of LN2 saturated at 93.9 psig, = 0.088 centipoise
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The above equations yield

894(0.43)°"
K =0029227 1+ 2%30x0.020+ 2HOB) o156
0.43 2
R =631 389 _g15064
(0.43)0.088
93.9(43.1 _ . .
W =1891(0.43)" 939(43.19) 52112 which converts to SCFM in the following
18.26 hr
manner
3 3
R7 1S I LN T T S L
hr  0.072471b 60 min 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
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’C+/APp where
all variables except C and d; are previously defined.
ds = 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(0.125%)0.604/(93.9)43.19 =1129;l—b which converts to
r

Page 65 of 299 5/16/2008



Terry Tope 5.7.08

3.5a1-6/15
3 3
1129&x fi X hr‘ =260 ﬁ, of warm atmospheric N2 gas.
hr 0.07247l1b 60min min
The factor C was found from the plot on page A-20 using
R, = 6.31L = 647635 and f = 4 012 0.29 where d- is the actual ID
(0.125)0.088 d, 043

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 C, 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

0=C, AP62—'4 where
\j p

Q= rate of liquid argon flow in gallons per minute.

C,= flow coefficient for valve, C, = 1.08 for dewar liquid isolation valve
according to Airgas.

AP = differential pressure, 350 psi based on stockroom supplied high
pressure liquid argon dewars with reliefs set at 350 psig.

o= density of liquid argon saturated at 350 psig, 63.37 Ib/ft°.

The maximum liquid flowrate out of one stock room dewar is found to be

0= 1.081/350ﬂ = 20.05g—0,ll which converts to
63.37 min

3 3 3
20,0584 M 033TIb T _ 1643/ \where 0.1034 I/t is the
min 7.48gal ft 0.10341b min
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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 Ib/hr as

3 .
81.4‘ft 8 60min « 0.0722171[9 _ 354&
min hr ft 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 = CKAPJ% where

W= rated capacity in Ib/hr, 354 Ib/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 °R.

For the nitrogen rating,

354
/ 156 \/28 02
530

The argon mass flow rate is then

KAP = =4.325.
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W = (356)(4.325)#ﬁ - 42252 which converts to
530 hr
3 3
422.5&>< fi X hr_ =68.1 ﬁ . Thus the maximum rate at which the
hr 0.1034/b 60min min

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 C, of 1.2 is left wide
open while the circuit is pressurized, the leak rate is found to be

0=C, AP62—'4 = 1.201/35062—'4 = 22.28g—fll . This converts to a warm argon gas
P 63.37 min

3 3 3
flow rate of 22.28 gfll X Lt X 6333”’ X fi = 1825L. This leak rate is
min 7.48gal St 0.10341b min

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.

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’C+/APp where
ds = 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.

u = absolute viscosity of liquid argon saturated at 350 psig, 0.0751 centipoise.
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The maximum flow of argon thru such a leak is

W =1891(0.125%)0.614/(350)63.37 = 26842 which converts to

hr

3 3
2684& X J1 X hr, =433 ﬁ of warm atmospheric argon gas.
hr 0.1034/b 60min min

The factor C was found from the plot on Crane 410 page A-20 using

R = 6.31A =1804105 and S = 4 = 0.125 =0.41 where d- is the actual

‘ (0.125)0.0751 d, 0.305

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

3 3
1437& X Ji X hr‘ =232 ﬁ, . This value was used as the leak rate for all
hr 0.1034[b 60min min

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, ¢. It is defined

as:

¢ = iRF; where

i=1
P; = the expected rate of the i failure per hour
F; = the fatality factor for the /" 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,
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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:

C.(1) = 0.21{1 _ g[l _ e(TQ)

} = 0.21{1 - g} as t = o 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.

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 / hr based on Fermilab equipment failure rates. The
probability of an electric motor not starting is 3 x 10/ 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
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opening. Thus the probability of a ventilation failure is 1 x 10* +2 x 3 x 10* =7 x
10 / hr. This value is used in the table that considers a ventilation failure. The
fan availability rate is then 1 — 7 x 10 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 / 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” 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 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° x 4.17 x 10> = 1.74 x 10°°
per hour,

ODH Results

Table 1 finds the ODH fatality rate to be 1.19 x 10 which is less than 107 such
that with ventilation running the PAB high bay enclosure is ODH class zero.

Table 2 finds the ODH fatality rate to be 4.57 x 10 which is less than 107 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

2
W =1891vd” A—}_)=>AP=( ud 2)1{\71
KV, 1891Yd

where
w = rate of flow in Ibs per hour. ODH analysis is based on a 2000 SCFM
flow of either nitrogen or argon. The nitrogen mass flow rate is then
3 .
200047 N, 5 O0MIN 007247 %0~ 8,696 2 v, and the argon mass
min hr ft hr
flow rate is
3 .
200071 Ay 5 S0MIN x0.1034l—b3 12,4082 ar.
min hr ft hr
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

cross sectional flow area 4 13x20

d=4 =15.76 in.

wetted perimeter 13x2+20x%x2
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Vv, = specific volume of fluid, 2.774 ft*/Ib for saturated argon vapor, 9.673
ft¥/lb for argon gas at STP, 3.465 ft*/Ib for saturated nitrogen vapor,
and 13.8 ft°/Ib for nitrogen gas at STP.

AP = pressure drop in psi, converted to inches of water for comparison.

K = tOtal reSIStanCG COfoICIent, sSum Of Ke[bow, Ken[arge1, Ken[argez, Kstraight’
Kentrance, and Kexit-

Keibow = 30 x fr where fr is the friction factor in the zone of complete

turbulence, 0.0132 for the ~16 inch equivalent duct diameter.

Keniarger = resistance of enlargement from 9.625 x 13 inch fan outlet to 13 x 20
inch duct, 1.0 to be conservative.

Keniarge2 = resistance of enlargement from 13 x 20 duct to 20 x 20 inch duct, 1.0
to be conservative.

Kstraignt = resistance to flow thru straight pipe, Ksiaignt = 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 = 6.31dK (ratio of inertial to viscous forces).
u
u = 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

1 b Lin ft 1/t 27.6799 in. H20
=" X X - X ) X - .
Vi ft 1 12in 144 in 1 psi

For saturated argon vapor, the static head is found to be

1 b 180in ft 1/t 27.6799 in. H20
X X X

——X ' — . =1.039 in. H20.
2,774 ft 1 12in 144 in 1 psi
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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 H,O 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.

Flowin Static Louver
Re f K 42 | Head 4P AP Total 4P
in.H,0 | in.H,0 | in.H,0 | ™M HO
WarmN, | 196.815 | 0.016 4742 0.622 0.209 0.12 0.950
ColdN, | 648.150 | 0.014 472 0.155 0.832 <012 1107
WarmAr | 221.181 | 0.016 4743 0.887 0.298 =017 1355
ColdAr | 706.870 | 0.014 472 0.253 1.039 <012 1412
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Figure 3.5a.1: PAB — Flare ODH Hardware Layout.
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Table 3.5a.1: PAB ODH Risk Analysis with ventilation running. Pi Group Exhaust fan R Q 02 Fi $=ZPiFi
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 % fatalitv/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
P1-44-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
P1-243-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 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 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 crvogens present because the leak rate creates a minimum O2 concentration that exceeds the amount of crvogens present.
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Table 3.5a.2: PAB ODH Risk Analysis with NO ventilation running. Pi Group Fan Availability R Q 02 Fi $=ZPiFi
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 % fatalitv/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
P1-44-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
P1-243-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 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 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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3.5a2 — ODH Fan Manufacturer Info
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Printed Date: 5/3/2007
E- GREENHECK Job: FERMI] LAB CRYOGENIC EXHAUST

Building Yalue in Air.
g Produgt Type: Fan
Mark: Mark 1
ENGINEERING DATA SWB Backward Inclined Centrifugal
Appros, Fan | Max. T Motar HH
‘J".'gtghi 4] Frame Size Utlhty Fﬁn
170 146 T%p: dfark 1
.
“Fan weight 15 WToLt AECESSaries. STANDARD CONSTRUCTION FEATURES
HOUBIMG: Heavy gauge sleel housing with Lock-seam cansituction « Unit support
Driva Typa I angtes with prepuniched meuntng holes « Adjustable maler plate « Corrosiok resistanl
EEEF?FFSG' EnILr‘eﬁ'g]qu&%hamhalized o mmﬁbﬂ baf
. NGE, 5 , EEL: Heavy duty lubricatable, self-atigning bali bearin
Variable | plfow bloTis » Palishach SOl sTee] Shas . BAAR i con whoel” ¢
(Fans with 4P, moters include: aluminum whee), aluminum rub ring, and shak seal)
CONFIGURATION
Arcangement | Rotation | (eiarge SELECTED OPTIONS & ACCESSORIES
Heaprene Isolators IndoarfGutdoor, Single Dellection 1/4°
10 oW TH Steal YWheal Conslruction
- Outlet Flange - Punched
TNSTALLAT{ON Permatector - Standard Coaling on Entire Fan
Air Slream
Temp. {F}
T
.
MOTOR SPECS
Size Mator FLA
{hp} RPM VICH | Bndosuie | eome Size | (A)
2 1725 GOS0 ODP 5B A4
A ——
FLA - Baatd o {ablas 150 or 145 of
Nallone] Elecines] Coda 2062,
PERFORMANCE Elavaton R=10
Yolume " TS oy Cperaling
aty. Model creg | SPOnwa | iy | niing | FRPM | Sher thy | SE%
i SWR-Z2V2-20 2,000 4 BES30 | 24330 3010 1.87 G4
_ A . .

SOUND

Ly« A wezighied soiond power [Eval, based on

IMet Sound Power by Qctave BEand e
Lwd | gEA 93 | sones ANSI 516 dBtA - A weighled seund pressure
Criteria ane tevel, bazed on 11 508 atteruabion per octave

G2.5 125 2510 800 | 100D | 2000 | 4000 | 8000
Dand a1 5.0 1. Noise Criteria (NC) based gn an

a0 8 T8 BE A TE ¥4 ] 85 FH 73 24 sverage atteruation of 11.5 db per actave
i— — va— - bard 81 5.0,
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Printed Date: 5/3/2007
E GREENHECK Job: FERMI LAB CRYOGENIC EXHAUST

Buitding Velue in Alr. Product Type: Fan

. . Backward Incl d Mark: Mark 1
ize: _ ackward Incline
Arrangement: 16 SWB Centrifugal Uﬁﬁt}" Fan

MOTES: All dimensions shown &re in units of inches.
Drawings are nol to scate. Drawings ara of standard unil and da not incluge dimensions for accessories ar desmon modifications.
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[ H GREENHECK

Building Value in Al

Printed Date: 5/3/2007

Job: FERM| LAB CRYQOGENIC EXHAUST

Product Type: Damper
Mark: Mark 2

.

7/ .
."ﬂ'&,

<Ny
b“""ti ’ 1.26

I'_ Max.

Notes: Al dimensians shown ate in units of inches,

IRFVE

W& H fumished aporoximalety 0,25 in vndersized and Sd:"]lﬁ.r refar to
damper dimensions (sleeve thickness is not included),

Electrcal accessony witng terminates at the accessorny,
Fleld wining is redquiced Lo individual components,

VCD-23

Low Leakage Control Damper

Application & Design

The mode! YCD-23 is 2 ruggedly buill low teakage cantrol damper for
application as an autemalic contral oF ranual balanc ng damper, A wide
range of eleciic and prresmalic actuators are available, Man-fackshated
dampers will be supplied with a blade drive laver for Internal aciuator
mounting unless extermal acluator mounting is specified in whith case an
extensinndpbn kL will be pravided. The VCEB-23 iz intended for applicalizns i
low to redium prezsure apd velocity syslems.

* FRAME: Galvanized, 5 ih x T in hal channg), reinfarced Carmers, fow profile
head and sill on dampers 17 in high argd Smaller. {WWhan 304 55 malerial iz
selecled the frame, blades and all damper components will be previded in 304
S5 excepl: (he actualer, maunling hardware and jackshaf)

* BLANES: Galvanized, reinforced wilh 3 [ungiiud%nar structuralty designed v's.
= LINKAGE: Shde linkage oul of air stream,

= ARLES: 0,50 dia.

CONSTRUCTION FEATURES

Blade Actton: Qpposed Skring; Morminal

Frame Typer Channal Frame Thickness (ga): 18

Materiat: Galvanized Actuator Type: 120 VAT

Axla Matatfal: Steel Actuatar Maunt:  Ext Sidoplate

Axie Hearings: Bronze Actuator Lacation: Lefl Side

Linkage Ralarial: Slee Fail Posttion: Cpen

Biada Saal; Silicone Cyele: G0 Cycle

Jamb Seal Mat.: 304 55
ID # Tap Qty W {in) H {in} Crive A Actuator Sg f_ﬁ’:ﬁ’fﬁm A'Eﬁ:;“
i1 i 20040 20,000 i1-1FEL-0 FSLF-120 1 8 1.5

CAFPS 3414

Cilroctmedls and Setlingsidhudsoniy DosumentsiCAPS Johs\FERMI LAD CRYDCENIC EXHAUSTarjs1 of 299 5/16/20Rzge 4 of &




[ B GREENHECK

Building Value in Air.

Printed Date: 5/3/2007
Job: FERMI LAB CRYOGENIC EXHAUST
Product Type: Louver

Mark: Mark 2

Mates: Al dimensions shown ara nynils of inches.

= oy

AAAANANNX] -

Height & Width fumished approxirmatehy 0.25 inunder size.

CONSTRUCTION FEATURES

EDJ-430

Drainable Head - 30° Blade
Application & Design

High Perfarmanca Dralnabla Head Stiationary Louver podel EG430 is a weather
lowver dezigned 1o prolect &ir intake and exhaush openings in building extesar
walls. Design incorporates drainable head, S?'Ie ades, sloped sill and high free
area {o provide maximum resislance to rain and weather while providing minimum
ragistance o aiffiow. The EDJ-420 s an exlvemely efficient louver with AMCA
UEENSED PERFORMANCE DATA enshling designers ta salect and apply with
canfdence.

STANDARD CONSTRUCTION FEATURES

« Frame: Heavy gauge 606375 extruded alumingra, 4 it x 0.087 in eominal
dimensons.

« Bladas: J shyle, BOE3TS extruded aluminue, 0.0871 in nomial wall thickness,
posiligned at 30° angles on approximately 3 in centers,

+ Blrd Screen: 0.75 inx 0.051 in fatened expanded aluminum in removabla frame.
Suieen iz mounted ok Inside (read),

+ Finizh: Mill.

SELECTED OPTIONS & ACCESSORIES

:;:;‘;1%‘;‘:} fins: F‘E’“?;fg internally mounted flateqed expanded suminum bird screen
Frame Thickness {in}: 2.081
Blade Thickness (fny: [.081
Sizing: Maorribal
Shapo: Redangubar
Material: Alumkniurm
Tag List;

b # Tag aty | wiin Him | PR | Wes | Peex [ Shie

2-1 1 25.000 25,000 208 1 1

FERFORMANCE
Velume | Fres. Dro Atr Vglogity
ID#% Tag Qty | CEm I wa) P iy | | BPWP
21 1 2,000 iz 97T 541
CAPS 3414 CADocuments and Sellingsidhodzombdy DocumentsiCARS JobsiFERMI LAB CRYOGEMIC EXHALST 0085 o 209 5/16/2006° a0 5 0f &



E GREENHECK Printed Date: 5/3/2607

w g Ml Job: FERM! LAB CRYQOGENIC EXHAUST
Building Vialue in Alr.

Damper & Louver Drive Arrangements

TE-1FEL-0 of 11CEL-0
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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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PRESSURE VESSEL ENGINEERING NOTE

PER CHAPTER 5031

Prepared by: Terry Tope
Preparation date: 3.15.07

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

This vessel conforms to Fermilab ES&H Manual
Chapter 5031

Vessel Title FLARE Materials Test Station Cryostat
Vessel Number PPD#10100 «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 Ligquid 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 iszarming to standard by

of Division/Section P l’ 0 Date: fﬂ"é? «— Actual signature required

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

e 2 )7

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

Reviewed by:

Date:
Date:
ES&H Director Concurrence
Amendment No.: Reviewed by: Date:
Fermilabh ES&H Manual 5031TA-1

0a/ 2006
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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 PST

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 °F
M.D.M.T. -320 °F @ 35 P.S.I.
MAEWP 15 psi @ 100 °F

2005 S/N CEGRZ05L102

DUPLICATE

Fermilab ES&H Manual 5031TA-2
09/2006
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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

Fermilab ES&H Manual 5031TA-3
09/2006
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3. System Venting Verification Provide the vent system schematic.

Does the venting system follow the Code UG-125 through UG-1377?
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.

Fermilab ES&H Manual 5031TA-4
09/2006
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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 OF OF

Contents

Designer

Test Pressure (if tested at Fermi) DATE /)
__PSIG, Hydraulic Pneumatic

Accepted as conforming to standard by

Of Division/Section

which affect the safety of this vessel shall require another review and test.

NOTE: Any subsequent changes in content, pressures, temperatures, valving, etc.,

Figure 2. Sample of sticker to be completed and be placed on vessel.

Fermilab ES&H Manual

5031TA-5
09/2006
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FORM T-1A MANUFACTURER'S DATA REPORT FOR PRESSURE VESSELS
(Alternative Form for Single Chamber, Completely Shop-Fabricated Vessels Only)
As Required by the Provisions of the ASME Code Rules, Section VIII, Division 1

(Mame and address of purchaser)
3. Location of instaliation____ Unknown
{Name and address)
4. Type __CEGRZ06L104-102 — — D1309104 168160-168161 2005
{Hortz. or vert,, tank) (Mfg. ‘= senal Mo.) (CRN) (Drawing MNo.) [Nat'l. Bd MNo.) (Year buit)

5. The chemical and physical properties of all parts meet the requirements of material specifications of the ASME BOILER AND PRESSURE VESSEL
CODE. T]'ndm&ﬂ construction, and wmkmnwmnlmmhAEME Ruluiﬂund!m\ﬂlj Division 1 m

to AD4 A !
Addends (Date) Code Case Nos Specral Senice per UG-120 (d)
6. Shel: —080NOM _ _ 00  _1f.1024in.  _3fL.i6in
(Mat!. [Spec. Mo., Grade) (Mom. Thi. (m.) [Com. Allow. [in.) Dia. LD. [/ &in) Length (overall) (ft & in.)
7. Seams: TYPE3 = _NONE 60 —Nia —_N/A JYPES ___  NONE et et e
Long. (Welded, Db, BT Eff. %) HT Temp.  Tme(n) Grin (welded Dbl R.T. (Spot, No.of Courses
Sngl., Lap, Butl) {Spot or Full) (F Sngi,, Lap, Butt) Partial, o Full)
B Heads: (a) Matl. NIA (o) Matl. _SA-240 T 304
(Spec. Mo., Grade) [Spec. Mo, Grade)
Location (top, | Minimum | Corrosion | Crown Knuckie Efiiptical Conical | Hemispherical Flat Side to Pressure
Bottom, Ends)| Thickness | Allowance | Radius Radius Ratio Apex Angle Radius Diameter |(Convex or Concave)
(a) | Top Ni& N/A N/A N/A N/A N/A N/A N/A N/A
() Bottom 0.085 0o o 1376" NIA NIA N/A NiA Concave

If removable, bolts used (describe other fastenings) _ BOLTS ARE NOT FURNISHED

{Mail, Spec. Mo, Gr, Size, No.)
8 MAWP _35 18 psi at max. temp. _ 100 100 *F
(irbemad) {exciernal) {nesrei) {extermal)
Min. design metal temp.__- 320 *Fat _35 psl. Hydro, pneu., or COMB. test pressure §3 psi

10._Nozzies, inspection and safely valve openings:

F"m‘pm MNo. Diam. Type Matl. Nom. Reinforcement How Lecation
{Inlet, Outlet, Drain) or Size Thi. Matl. Aftached
INLET/ OUTLET 1 Z2.09" ID FLANGE [SA240 T304 1™ None UW-13.2(h) N/A

11. Supports: Skirt No meg_mea Other NONE Attached N/A
{Yes or Mo) {Describe) {where and How)

12 Remarks: Manufacturer's Partial Data reports properly identified and signed by Commissioned Inspectors have been fumished for the following
ftemns of the report (NJA

!Nl'nea'fpu‘l ﬂnmm‘nber ng‘s name and identifying stamp}

We certify that the statements made in this report are correct and that all details of dés .F" siruction, and workmanship of this vessel
conform to the ASME Code for Pressure Vessels, Section VI, Division 1. "U" Certificate \pf tWRhereilboiNe, 18,262  expires  03/14 2008,
Date _121/05 Co. name CHART , Inc. Signed X

(Manufaciurer)

CERTIFICATE OF SHOP INSPECTION

Vessel constructed by CHART, lnc, at_Canton, GA
|, the undersigned, holding a valid commigsion issued hyiheﬂi.ml.ﬂuard of Boiler and Pressure Vesse! inspectors and/or the State or Province of
.ﬁm and employed by America Ins: ompay
mmmammmmmmmmmmtnﬂmnon 12.I'1 , 2006, and state that, to the best of my

Knowledge and belief, the Manufacturer has constructed this pressure vessel in accordance with the ASME Code, Section VI, Division 1. By signing
Huwmmnndumm|mrmrnbmmhﬂrmkm auanty, expresses or implied, conceming the pressure vessel described in this
; is employer shall be liable in any manner for any personal injury or property

£ Commissions_NB# : (2/ 2443 G4 ¥ S
[Authonzed Inspecior) " (Nat1 Bd._ (include. endorsements), Stale, Prov_and No)
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REME Fannfazturerts Cartificate af fonformance far Eressure Aellef vol-es
Farcr O¥-1 (Section WIIX|

2. Manulzctured by: Aodersmn Geercwood Crosby - Skafford, Texas
2. Table =f Ceode gymbinl atamped Zeenn:
m taca 3] oofF Tyre EFize, SEL PIeaNITE, 06 iq Capaciby T=ak Jace CI Name 21 sigmarixo

[eeriai Ha) Cerk B {BDS) \Bagcplace] Fluid Code

C5-S5T06 usoafos SLOG 1 msmzier ii  d0o35 PSIG 244 somw Bygr soE D M. ad

1. REcarka: Lel4aB.00l

e e e T R e e R e e e e mm e e —————— e e e e e

TERTIFICETE DF SEOF COMELIMNKCE
By Ehe eigmacuze of che Certified Irdlwidwil [CI1 cated aboce, we certify that Ehe atatonentm mads ia chis SEQECE ATE CCTIYEZE and

Cnat ali d2-adie for design, materdial, eodebruction and workranship of the poensire rellet dewices confearm wish Ebe reguiserTenze of
Secticn WTIL, Pivisico E of Lbe ASYE Baller and Preessyrc Yessel “ode.

W Dertiricate pf Ritkazizaticon Bo. 3753 Exglires Decesher 51, 2007

j

[Ragpk

Dakr: ‘.i“q&g'% Signea:

My Brdersar Greoowocsd Coooby - StafFord, Tesme
iMERuZactuner;

Ze represantatival
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Terry Tope - 3.29.07
3.5b2 - 1/8

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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PRESSURE VESSEL ENGINEERING NOTE

PER CHAPTER 5031

Prepared by: Terry Tope
Preparation date: 4.23.07

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

This wvessel conforms to Fermilab ES&H Manual
Chapter 5031

Vessel Title Liguid Nitrogen Dewar #14

Vessel Number RD#1079 «—Obtain from Division/Section Safety Officer

Vessel Drawing Number MN/A

Maximum Allowable Working Pressures (MAWP):
Internal Pressure 75 psig + full wvacuum
External Pressure Not Rated

Working Temperature Range =320 S9F 100 oF

Contents Liguid Nitrogen

Designer/Manufacturer C.E. Howard Corporation

Test Pressure (if tested at Fermi) Acceptance +—Document per Chapter 5034
Date: of the Fermilab ES&H Manual
P5IG, Hydraulic Pneumatic

Accepted as conformjng to standard by

of Divisionéecticn {’ P 0 Date: ‘é % ;-—A.:tual signature required

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

Reviewed by: Date: ¢/3 7// o7

Director's signature (or designee) if the wvessel 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:
Fermilab ES&H Manual 5031TA-1
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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 PST

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 °F to 100 °F I.T

Serial Number 489

Fermilab ES&H Manual 5031TA-2
09/2006
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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

Fermilab ES&H Manual 5031TA-3
09/2006
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3. System Venting Verification Provide the vent system schematic.

Does the venting system follow the Code UG-125 through UG-1377?
Yes X No

Does the venting system also follow the Compressed Gas Association
Standards S-1.1 and S-1.37?
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 8151216G 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 %~

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.

Fermilab ES&H Manual 5031TA-4
09/2006
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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 OF OF

Contents

Designer

Test Pressure (if tested at Fermi) DATE [ ]
__PSIG, Hydraulic Pneumatic

Accepted as conforming to standard by

Of Division/Section

which affect the safety of this vessel shall require another review and test.

NOTE: Any subsequent changes in content, pressures, temperatures, valving, etc.,

Figure 2. Sample of sticker to be completed and be placed on vessel.

Fermilab ES&H Manual

5031TA-5
09/2006
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Tyco Valves

& Controls
Bolingbrook, IL 60440
800-261-3324

VALVE REPAIR WORK ORDER

Page of

Customer _F ERMI LAL

Location &A‘T astmA s

RECORD OF ORIGINAL NAMEPLATE DATA

VerR- 5478 R

PO#

DateRecd _ =I5 -0C &

Prv. Mfr. Capacity _ 443 =S¢ Fyn__ CHANGE IN SET PRESSURE:
TypeNo. l=ldl €& ASME Code Stamp ___ [{ \/ ResetTo __ 74 PSIG
InletOutlet 4.5 in./____in. Mir.SIN_86 /09 25 NewCapacty _73LS Scf#
Set Press wd P PSIG TagNo. S\ 099 N
RECORD OF PRETEST (AS FOUND) Trim No._T_£>8 __ RECORD OF PREVIOUS REPAIR
Test Pressure Pretest Sign-Off By Allied \AIVE
Blowdown Tested by Model __— Set —
Tightness Date Capacity _— Date_ 9-l¢-9 5
Action M&TE SIN Unique # 2 86028 +0-7uR Stamp TEs7TIE D AN L
RECORD OF DISASSEMBLY & CLEANING RECORD OF CRITICAL INSPECTION & MACHINING
ltem (s): “As Found Conditions” Comments OK  |Machine Replace
|Cap and Lever X
Bonnet/Compr Scr: 1,4 13- X
Spring/Steps Spring# X X
Spindle/Disc TILR. X ]
Base/Nozzle Bore Dia. L 4P
Guide/Adj. Rings X
Other (Specify)
RECORD OF REPLACEMENT PARTS ]
Part No Description PO
0y, 4gos- ooq SAFT GonDs KIT | 15 I4y- 00
03.1063.00°L g’f‘ﬂ,‘ﬂ:, 11:?;}3?;1- oXe)
Notes @ Reset YalVE +0 T5PST Gy Lostotel fequest:
RECORD OF TECHNICIAN SIGN-OFF RECORD OF FINAL TEST RESULTS v
Repair Step Initials Date Test StandMedia 78/ocor-Air TYCO VALVES &  CONTROLS
Nameplate —/MEP_B-15-0éb  TestPressure 5 ’ ' F o0
Disassembly —£28 ~93-26 __ piowdown = i Sg. /21 ETE;
Cleaning oa J-93-0k Tightness &4 RS s
inspecion 18 S-3p-k  \grEsn — 167 e e
i CAP 15“5— ScF4 'YD_
Machining ez e i

e OR _ %-039

N 3-33-04

Testing On 3‘ Y ab

O

VR Stamp

~ob
3-34-0k

FnaassemblyDft___ 3-34-0f
O
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Tyco Valves

& Controls
Bolingbrook, IL 60440
800-261-3324

Customer _FERMI LAR

VALVE REPAIR WORK ORDER

Page of

ReR-SLT7 K

PO#

Location

o BATANMER Tl

RECORD OF ORIGINAL NAMEPLATE DATA
Prv. Mfr.

TypeNo. _8IS/RI6&
Inlet/Outlet /.S in./____in.
Set Press P PSIG

RECORD OF PRETEST (AS FOUND)

)

ASME Code Stamp _ U \[

DateRecd . 2-28-0&
Andecoon Greenwsood Capacity 4492, ScEm1  CHANGE IN SET PRESSURE:

Reset To

PSIG

Mir. SIN_$6 /D9 &7 NewCapacity _ 231-S SCF™1

TagNo..SV [ 00 N

TimNo._ 7 OO ReCORD OF PREVIOUS REPAIR

Test Pressure Pretest Sign-Off By _Allied \JALVE
Blowdown Tested by Model _— - S
Tightness Date Capacity _ — Date_ <7-/4-98
Action M&TE SIN Unique # R2602 8- 4%-MNR Stamp ZESTED QN
RECORD OF DISASSEMBLY & CLEANING RECORD OF CRITICAL INSPECTION & MACHINING
Item (s): “As Found Conditions" Comments OK  |Machine Replace
Cap and Lever X
Bonnet/Compr Scr: 1,969 )2
Spring/Steps Spring# : x
Spindle/Disc TIR. x
Base/Nozzle Bore Dia. caqf
Guide/Ad]. Rings X
Other (Specify)
RECORD OF REPLACEMENT PARTS

Part No Description PO#
04,4804 .n0q SofXx foopns KETX 17134292-00
O3.1m6a, 209 59.‘:\:1 /73236200
Notes
RECORD OF TECHNICIAN SIGN-OFF RECORD OF FINAL TEST RESULTS it
Repair Step Initials ~ Date  TestStandMeda _Z& /0@ f-H1C TYCO VALVES & CONTROLS
Nameplate ME  R-)5-04 TestPressure 74 té e
Disassembly — Of I I306  goudoun = WLZZB_& s/ ?:%d
Cleaning V4 3-23-04 Tightness bg @ PE = ®
nspection 0 3-93-06 _ \gresn _ZL= 7% el "m/ l v

230,85 ScFa

Machining ————_ o sy
Assembly a4 e
Testing 4o
Final- 206
msm v 08 399-ac¢
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Terry Tope - 3.29.07
3.5b3 - 1/18

3.5b3 — Old Pressure Vessel Engineering Note for PS1 Liguid Nitrogen
Dewar

Previous relief valve calculations are included.
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PRESSURE VESSEL ENGINERING NOTE
PER CHAPTER 5031

Prepared by: Bruce Squires
Preparation date: J1-Aug-392

1. i d iFim

Fill in the label information below:

This wvessel conforms to Fermilab ESEH Manual
Chapter 5031

Vessel Title Liguid Nitrogen Dewar #14

Vessel Humber RD 0079 Obtain from Safecy Officer
Division/Section
Vessel Drawing Number N/A

Maximum Allowable
Working Preasure (MAWP) 735 psig + Full Vac.

Working Temperature Range—320 Op 100 oF

Contents Liquid Nitrogen

Designer/Hanufacturer C.E. Howard Corporation

Test Pressure (if teated at Fermi) Acceptance Decument per Chapter

Dace: 5034 of the Fermilab
ES5&LH Manual

Pneumatic

to standard by

of Division/Section JE E Data:ﬂl 1)‘?1 Actual signacure required

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

Reviewed by:

Ap-crtyo Date: fff/{"/,?r_

Director's sifnature (or designee) if the wvessel is for manned areas but
doesn't conform to the requirements of the chapter.

Date:

Amendment No.: Reviewed by: Date:

Fermulab ES&H Manuai S31TA-5
Rev. 392
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Lab Property NHumber(a):

Lab Location Code: P51 {obtain from safety officer)

Purpose of Vessel(s):To supply ligquid nitrogen to the PS1 service building

Vessel Capacity/Size: 7000 liters pDiameter: 84" Length: 167"

Normal Cperating Pressure (OP) 24 - 27 psig
MAWP-OP = 48 PSI

S31TASG Fermilab ES&H Manual
Rev. 392
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ist the numbers of all pertinent drawings and the location of the
riginals.

Rrawing § Locarion of Original
N/A
s Design Verification
Does the vessel(s) have a U stamp? YesX No o) AL "Yes® A £ YL
out data below and skip page 3; if "No®, £ill out page 3 and skip this
page.

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 Nitrocgen

Date: 1961 CODE: 1959

Design Presssure:

75 psig + Full Vac.

Test Pressure: 150 psig

| Design Temp. :

-320°F to 100°F.I.T.

Serial Number: 489

Fermiiab ES&H Manual : S031TA-7
Rev. 392
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Provide ASME design calculations in an appendix.

circle all applicable sections of the ASME code per Section VIII, Division
(Only for non-coded vessela)

L

On the sketch below,

Skt ergth
PoeUG=32m— For. UG-12 For. UG-34
Falir] e i, Flongerypes [ 1 peinforesd i
Por. UW-18 ond 36 Fiq.Ua- 48— | Porge 3T UA-T { Stiffening rng
Kk Hhichasts L (’ ona Ua-280 L/Pﬂr uG-29
Tor ol heog —
B0~ UG - 32h ond UA-4¢ 7 Telitale noke
, Por Uw=15 Bligrument Tapered plote
. Tokerone e rOGEL
Iripecton sperang — e eod orraeh- '.f.'g':’:ﬁ'_“f;"“ Por Uw-14 Por. UW=9C,
For. UG-46 = PR EreeT K k Cuwcumferentd Fig Uw=9
Por. Uw=-9 and 13 KenT3
Concol head Fig. UwW=13
Po UG=32 \ i X
Por UW-51 Torisatiarico
tot 0l
Weld gunt L-tfw
eificencies
Por UW-12 - Her
Munus heoo o Toble UW-12 S1ogger long seoms of keowt S Xt sy
el =0 U A— e ey et ¢t et '
Por. UG- 13 P longAudunal et Por. W94 Nevid
Por, Uw=13 of u::
Por UG-2T
o e O | =g=
T ey T3 Comomon Limngs regiment
Por.uG-43, UWZ owonce opiet T4 Poc UG-26 | Por.uw-40 T
Toble UG=43 Por, UG=25 / Pon-ucL Por. UW- 13
f L — p — Fig.UW-19
i Talals hoies .2& g\ Fuon weided connecian \“ﬂl. et bl ¢ o] ar CarrrerTet
1 lersgth o Por, Lrw= 13 ond F ) LW =46 Por.Uw=35
Eltipraoadal haod = Ty RGeS Nﬁ_%“ ~
Por, UG-324
Summary of ASME Code
CALCULATION BESULT
{(Required thickness or stress
Reference ASME level vs. actual thickness
Item Code Section gcalculated =stress level)
vs
vs
vs
vs
vs
S031TA-8 Fermilab ES&H Manual
Rev. 3/92
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3. System Venting Verificarion Provide the system schematic in the Appendix.

Is it possible to isolate the relief valves by a valve from the
vessel?
Yea  Hoi
If "Yesa", the syatem must conform to code rules. Provide an
explanation on the appended achematic. (An isclatable vessel,
not conforming to code rule is non-compliant under this
chapter.)

Is the relief cracking pressure sec at or below the M.A.H.P.?
Yes X No Actual setting 40 PSIG
(A "No" response vigclates this chapter.)

Is the pressure drop of the relief system at maximum anticipated flow
such that vessel presaure never rises above the following? (UG 125)
Yesx No 110% of MAWP (one relief)
116% of MAWPF (multiple reliefs)
121% of MAWP (unexpected heat source)

Provide test or calculational proof in the Appendix.
(Non-conforming pressure rises is non-compliant under this Chapter.)

L s . )
Manufacturer Model § Ser Pressure FElow Rare = Size
Anderson Greenwood 81512166 40 PSIG 442 SCFM Air 1-1/2 x 2"
Fike CPV BT 105.33psig MN/A 1-1/2"
Does the primary relief device follow UG-1237 YesX Mo

(A "No" response is non-compliant under this chapter)

1. Cperating Procedure
Is an cperating procedure necessary for the safe operation of this
vessel?

Yes HoX (If "Yes", it must be appended)

5. Helding Information

Has the vessel been fabricated in a non-code shop? Yes NoX
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.

Fermilab ES&H Manual S031TA-9
Rev. 392
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Is this vessal or any part thereof in the above categories?
YesA Ho Exrs ?'""’j

If "Yes™, follow the Engineering Note requirements for documentation
and append to Hote.

g Lo _}P,% peanel & RD300E forrun TPL.  Thin

S031TA-10 Fermilab ES&H Manual
Rev. 3/92
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APPENDIX A

Venting Calculations for the
Inner Vessel of the Liquid Nitrogen Dewar #14

INTRODUCTION

This appendix to the liquid nitrogen dewar #14 engineering note shows that the inner vessel
1s properly relieved in accordance with Section S-1.3 of the Compressed Gas Association (CGA)
Standard and the Fermilab ES&H manual. This appendix is divided into five sections, namely,
loss of vacuum, fire condition, failure of the pressure regulator on the pressure building coil,
pumping overfill, and rupture disc capacity.

For conservative estimates of the values determined here, the nitrogen is considered as
saturated at 44.35 psia. The ASME Code stamped relief valve will maintain the pressure in the
inner vessel below 110% of the MAWP (CGA S-1.3 4.9.1.1) during operational emergencies (i.c.
loss of vacuum, failure of the pressure regulator on the pressure building coil, and pumping
overfill) and within 121% of the MAWP (CGA S-1.3 4.9.1.3) during fire conditions.

These calculations are based on the relief valve set at 40 psig, therefore, the relief can be set
as high as the MAWP and still satisfy the requirements of CGA S-1.3 and the Fermilab ES&H
manual. Because the relief valve can handle all possible failures, the rupture disc burst pressure is
allowed to be as high as 150% of the MAWP (119 psig) per CGA S-1.3 and the Fermilab ES&H

manual. The lowest recommended burst pressure is 125% of the relief valve setting based on data
from Fike Metal Products.

LOSS OF VACUUM

According to paragraph 4.9.1.1 of CGA S§-1.3, the minimum required relieving capacity
for a loss of vacuum is determined by [5]

_590-T .
Qa=77(Te60. 1) GiUA (1)

where
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73.4(1660-T) _[Z T
Gi= L C =003 )

For A = 405 fi2, the required stamped capacity of the valve is 12.5 SCFM air. The stamped
capacity of the 1-1/2" AGCO set at 40 psig, which serves as the relief valve, is 442 SCFM air and
zxceeds the required capacity.

FIRE CONDITION

The requirements of paragraph 5.3.5 of CGA S-1.3 state that the required relieving
capacity for a fire condition 1s [6]

Qa=GjU A 082 (3)

For this dewar, the required stamped capacity of the relief must be at least 103 SCFM air. The
AGCO relief valve exceeds this value.

FAILURE OF THE PRESSURE REGULATOR ON THE PRESSURE BUILDING COIL
CGA §-1.3 4.9.1.1 states that for all operational emergencies, the reliefs should provide
adequate venting at 110% of the MAWP. If the pressure regulator on the pressure building coil
failed in the open position, the flow rate would be determined by the differential driving pressure
(head of liquid nitrogen) and the restriction caused by the pressure building loop. For
simplification, just the flow caused by the greatest restriction will be considered (the liquid supply

piping, fittings, valves, and regulator). If there is 80" of liquid nitrogen above the coil, the
differential driving pressure would be

ap=p £ R @)

and the resulting flow rate would be 3]

— -1"'!“} prgcd?
W—Cgﬂ T [5]

The value of K/d* is calculated for each part of the restriction and added thus obtaining

:—4 =3447 in"?
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This leads to a flow rate of 1034 Ibmy/hr (AP = 2.18 psid) which is converted to 127 SCFM air
equivalent by [4]

131,356 [Z T28.97
Qa=="g5W\N™M 520 (6)

Since this is below the relieving capacity of the relief valve, the pressure in the dewar will remain
below 110% of the MAWP.

PUMPING OVERFILL

CGA S-1.3 4.8 states that if the storage container is being filled by pumping equipment in
excess of the discharge capacity of the relief devices and capable of producing pressures in excess
of the MAWP of the container, precautions should be taken to prevent the development of pressure
in the container in excess of 116% of the MAWP for multiple relief valves or 110% of the MAWP
for a single relief valve (see CGA S-1.3 4.9.1.1).

The maximum flow rate of delivery is controlled by two factors, the fill line flow resistance
and the pumping characteristics of the delivery trailer. The pumping curve for the pumping head

was obtained from Liquid Carbonics and a third order polynomial was derived from this curve and
is as follows:

APy o= -1.432595%10-54Q3 + 5.157343*104+Q2 - 4.560995*10°2+Q +222.2336  (7)

In order to determine the relieving capacity required by an overfill, the American Petroleum
Institute (API) recommends determining the flow area required for the liquid portion of the flow
and the area for the vapor portion of the flow separately and then adding these two areas resulting
in the minimum orifice area required (API 521-3.17.1).

The mass fraction of the liquid that will become vapor when passing through the relief
valve 1s determined by the equation [4]

_hp - hyg
S 36 i (8)

where hyp = -42.48 Bw/lbm (saturated liquid at 44.35 psia)
hj2 = -52.37 Bw/lbm (saturated liquid at 14.7 psia)
hy2 = 33.14 Buw/lbm (saturated vapor at 14.7 psia)
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Thus, the mass fraction that vaporizes is 0.1156. The orifice area required is determined by [1]

e x W Z I + (1-x) Q f:_'[ [g]
=l KdeP\J' M 38 Kw Ky K¢ Kp \ ap

where the first part is the area required for vapor flow and the second is that required for the liquid
flow and

W=pQGCs (10)

The area of the AGCO relief is 0.503 in2.

The flow restrictions used are that of the fill line and its components and the piping between
the dewar and the relief valve. Preliminary calculations indicated that the relief valve could not
maintain the pressure in the dewar below 110% of the MAWP. Therefore, a flow restricting

orifice for the fill line was selected. Refer to Appendix B for a summary of the flow restrictions
used in this calculaton.

The pressure drop for the piping and components is determined by [3]

2
ap =PLE fQ . (11)
Ci ne ged

For the orifice plate, the set of equations that determine the flow rate is [6]:

W =S N D2 F, Fy, F. F, VGg hy, (12)
where

S =0.58925 B2+ 0.2725 p3 - 0.825 p* + 1.75 p

Solving equadons 7 through 12 simultaneously has the following results:

Liquid nitrogen flow rate 77.5  gpm (29330 lbm/hr)
Pressure in delivery muck 30.0 psig

Delivery pump boost in pressure 215.1  psid

Pressure drop over orifice 153.6  psid (4252 in. H,O)
Pressure drop over fill line 8.1 psid

Pressure in dewar 83.4  psig (109.4% MAWP)
Pressure drop over vent to relief valve 20 psid

Pressure at relief valve 814 psig
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This shows that the dewar pressure for maximum flow rate of delivery is less than 110% of the

MAWP.

RUPTURE DISC CAPACITY

The capacity of the rupture disc is obtained through the following equation:

for gas [1]
M
W=ACKy4P ZT (13)
and Q, from equation (6).
At the burst pressure of 105.33 psig, the gas flow rate is 3024 SCFM air.
Table 1. REQUIRED VENTING CAPACITIES
Condition Air Equivalent Flow Rate, Q3 (SCFM air)
required installed
satety rehief valve rupture disc
Loss of Vacuum 12.5 442 3024
Fire 103 442 3024
Pressure Building
Regulator Failure 128 442 3024
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3]

NOMENCLATURE

A area (in? except in (1) and (3) where it is fi?)

C coefficient based on k = 356

C; conversion factor = 1728 in3/ft3

C conversion factor = 300 (ft/hr) / (in/s)

C3 conversion factor = 8.02 (ft/hr) / (gal/min)

Cy conversion factor = 37.4 (gal/min) / (ft2 in/sec)

d diameter (inches)

D fill line pipe size = 1.682 inches

f fanning friction factor

Fy Correction factor for contraction of orifice = 0.9968
F. Reynold's number correction factor = |

Frm Manometer correction factor = 1

Fp Correction Factor for the Compressibility of the liquid = |
g gravitational acceleration = 32 ft/s?

g gravitational constant = 32 ft/s2 Ibm/lbf

Gy specific gravity at flowing conditions = 0.756

G; gas factor

H height of LN2 = 80 in

hy, pressure drop expressed in inches H20

k ratio of specific heats = Cp/Cy = 1.4

K flow resistance = fLp/d

Kb correction factor due to back pressure = |

K4 coefficient of discharge = 0.816 for relief valve = (.62 for rupture disc
Kp capacity correction factor= 1

Kperlite  thermal conductivity of perlite (Btu in/hr ft2 °F)
(0.4 for mean temperarture of 100°F and 0.7 for mean temperature of 450°F)

Kw correction factor due to back pressure = 1

Ky correction factor due to viscosity = |

L¢ latent heat at flowing conditions = 78.68 Buw/lbm
Lp length of pipe (in)

M molecular weight = 28

N constant in equation 12 = 2835

P pressure (psia)

Pm Maximum Allowable Working Pressure (psid)
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volumeric flow rate (gpm)

air equivalent flow rate (SCFM)
factor in equation 12

thickness (inches)

thickness of insulation = 8.75 inches
temperature = 158.7 R

thermal conductance = K perite

Lins
mass flow rate (Ibm/hr)
compressibility factor = |
differential pressure (psid)
ratio of orifice diameter to pipe diameter = 0.316
density of liquid = 47.19 lbmyft3
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APPENDIX B

Caiculations of the Flow Restrictions
for Appendix A

General

dﬂ“ is used as a general flow restriction parameter that can be added regardless of the pipe

size of the component. Justification of this can be seen by observing that Crane's technical paper
410 states that in order to add K values, all of the K values must be converted to the same pipe
size. This is done by dividing K by the fourth power of its pipe size and multiplying the result by
the fourth power of the new pipe size. Since the equations will divide this later term out, I have
chosen to remove this redundant step to arrive at the same answer.

The values calculated in this appendix are based on Crane’s technical paper 410. The

following equatons and values are taken from Crane's for calculating -:154 -

fL
ERog
K _891
d4 Cv2
Pipe f LD
1/2" sch.40s 0.027 0.622"
1-1/2" sch.10s 0.020 1.682"
2" sch.10s 0.019 2.15T"
F Building Resul
K
Item r
2 - 90° elbows (1/2" sch.40s) (K = 30f) 10.8
3 - tee branch (1/2" sch.40s) (K = 60f) 32.5
100 inches straight pipe (1/2" sch.40s) 29
Pressure Building Regulator (Cv = 3.2) 87
2 - Cryolab Globe Valve (Cv = 3.1) 185.4
Total 3447
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10

Bl fine Resuins

The calculation for the fill line does not include all of the straight pipe that may be installed.
It only includes the minimum needed for a general installation of this dewar. For this particular
installation at PS1, the fill line will be up to 10 feet longer. The contributions are as follows:

Item K
d4
Cryolab Globe Valve (Cv = 30) 0.990
Check Valve (K=501) 0.125
3 - 90° elbows (1-1/2" sch 10s long radius) (K = 14f) 0.105
1 - tee branch (1-1/2" sch 10s) (K = 60f) 0.150
136.5" straight pipe (1-1/2" sch 10s) 0.213
Total 1.583
v ipin lief V'
Item d%
Piping Inside Vacuum Jacket

90° long curve pipe (2" sch.10s) (K = 44f) 0.039
2 - 90° elbows (2" sch.10s long radius) (K = 15f) 0.026
I - tee branch (2" sch.10s) (K = 60f) 0.053
78 inches straight pipe (2" sch.10s) 0.032
Inside Subtotal  0.150

Piping Outside Vacuum Jacket
1 - tee branch (2" sch.10s)(K = 60f) 0.053
1 - 90° elbow (2" sch.10s long radius) (K = 15f) 0.013
1 - reducer from 2 to 1-1/2 IPS 0.003
30 inches straight pipe (2" sch.10s) 0.012
1 - tee run (1-1/2" sch.10s) (K = 14f) 0.035
AGCO Safety Selector (Cv = 90) 0.110
12 inches straight pipe (1-1/2" sch.10s) 0.018

Outside Subtotal ~ 0.224
Total for Safety Relief Valve Piping 0.394
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Terry Tope - 3.29.07
3.5b4 - 1/8

3.5b4 — Vacuum Vessel Engineering Note for PS1 Liguid Nitrogen Dewar

Relief and collapse calculations included.
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EXHIBIT A-1

Vacuum Vessel Engineering Note
(per Fermilab ES&H Manual Chapter 5033)

Prepared By gr‘uag, Squ;r.-_-"n Dae n‘"gelp_?‘ -72Div/Sec Eﬁ/MSD

Reviewed By %7 M}W Date H/f/ 12 DivfSec _AD -<#Y2
Div/Sec Head ’5 Dae ! fl'ﬂ{q'?.- Div/Sec 2’

Fill in the Fermilab Engineering Conformance Label information below:
This vessel conforms to Fermilab ES&H Manual Chapter 5033

Vessel Title f'-n?um’ N:TFUQﬂn Dewsar # /Y

Vessel Number __ eD—ce7a- ~ RDV 4009

Vessel Drawing Number N /A

Internal MAWP 2 F‘s-&..

External MAWP 230 .’Js:nr"

Working Temperature Range /20 OF OF
Designer/Manufacurer_C. £. 4 owacd Corporarion

Date of Manufacture__/94/ [ Cope: /959§

Acceptance Date Seff l, 199~

Director’s signature (or designee) if vessel is for manned area and requires an exception to the
provisions of this chapter.

Amendment No.: Reviewed By: Date:

Laboratory location code Fs1
Laboratory property number
Purpose of vessel__Conrain LN, Pressure Vesse/ io arder

Te preveles insula Fror

Fermilab ES&H Manual S033TA-S
Rev. 3/92
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List all perunent drawings

Drawing No.: Location of Original:

N/A

2. Design Verification
Provide design calculations in the Note Appendix.
3. Systemn Venting Verification

Can this vessel be pressurized either internally orexternally? [ ] Yes [¥] No
If yes, to what pressure? There afe o Aians 7o inrernedly
pressurize TS vasse/
List all reliefs and setings. Provide a schemaric of the relief system components and
appmphmcakﬂaﬁmsmmnmulumpmwdmﬂzwmmmbcsubjomdmpmm
greater than 110% beyond the maximum allowable internal or external pressure.

Manufacumer Rﬁulwi " Pressure Setting Flow Rate Size
‘f i -
aze. 0.5 psig N/ 3" (207 /4%)

4. Operating Procedure Section
Is an operating procedure necessary for the safe operation of this vessel?
Yes No__ X (If "Yes", it must be appended)

Isamsﬁngpmmdnmmssaryfwmcmfcmpmncmdng(pmof testing) of this
vessel? [] Yes [ANo

If yes, the written procedure must be approved by the Division Head __prior to testing
and supplied with this Engineering Note.

5033TA6 Fermulab ES&H Manual
Rev. 3/92
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5. Welding Information
Has the vessel been fabricated in a Fermilab shop? [ ] Yes [<] No

If "Yes," append a copy of the welding shop statement of welder qualification.

6.
Is this vessel or any part thereof in the above categories?
Yes_ X No Exis ;ra'n&_
If "yes" follow the Engineering Note requirements for documentation and append to note.
W hole ! M Mﬂxﬂmswa/wh 47
Fermilab ES&H Manual 5033TA-7

Rev. 392
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Calculatons on the
Vacuum Vessel of the Liquid Nitrogen Dewar #14

This appendix shows that the vacuum vessel is adequately relieved and that it meets the
specificanons of Fermilab ES&H 5033. The calculations are divided into two sections,
specifically, relief sizing and vessel collapse pressure.

RELIEF SIZING

Fermilab ES&H 5033 states that "The relief calculation should take in account a failure of
any pipe or vessel inside the vacuum vessel at the maximum systemn flow rate of that pipe or
vessel." [ believe that the intent of this statement is for any credible failure. The only credible
failure for this case would be a crack in a pipe which cannot be accurately estimated. The
Compressed Gas Association (CGA) has a standard for sizing the relief and this is the criterion
which will be used to check on the sizing of this relief.

CGA-341 6.4.2 requires that the discharge area of the relief to be 0.00024 square inches

per pound of water capacity of the liquid container (inner vessel). The water capacity of the inner
vessel can be estimated by the following equation 1]

n D;? 1
V=it [Lc N 15}(5} (N

The volume is approximately 2080 gallons which leads to a required discharge area of 4.14 square

inches (water density 8.288 Ibm/gal.). The relief on this vacuum vessel is a parallel plate with a
discharge area of 7.07 square inches. Therefore, the relief surpasses CGA requirements.

VESSEL COLLAPSE PRESSURE

The Fermilab Engineering Standard requires that a vacuum vessel have a collapse pressure

of at least 30 psid. For the cylindrical portion of the vessel, the collapsing pressure is determined
by (2]

2
Pc:zﬁE[%]_ =
lﬁ {}45’\/%
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(]

and the collapsing pressure of a head is [2]

- Mtn]?
P. = 0.25E LR} (3)

The Code specifies that the head radius must be no less than the diameter of the cylindrical poruon
of the vessel. For these calculations, the head radius is assumed to be equal to the diameter of the
cylinder. For this vessel, the collapse pressure for the cylinder is 81 psid and that for the head is
64 psid.

In order for the result of equation 2 to hold true, the stiffening rings must meet the required
moment of inerua as stated by CGA-341

_1.05D3 L i
== )

From this equation, the required moment of inertia is 0.86 in®. Figure 2 shows the dimensions of
the stiffening ring. The moment of inertia of this stiffener about its centroid is 1.86 in*. This
exceeds the required moment of inertia, therefore the result of equation 2 is valid.
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Figure 1. Outer Vessel of the Liquid Nitrogen Storage Dewar #14
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Figure 2. Cross sectional dimensions of the stiffening ring.
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s

Liguid Nitrogen Storage Dewar #14
Cyhinder Cylinder Cylindger Head
D oD Thickness Thickness
(inches) {inches) {inches) {inches)
Inner Vessel --- 66.00 FIS i
Outer Vessel 83.50 84.00 0.25 0.25
NOMENCLATURE
Cy  conversion factor = 231 in/gallon
D outside diameter of outer shell = 84 inches
D; inner diameter of inner vessel ~ 63.5 inches
E modulus of elasticity = 29 x 10/6 psi
I

outer shell axis, in*
depth of the head of the inner vessel ~ 11 inches

B

largest distance between stiffening ring centers ~ 40 inches

required moment of inerna of the stiffener itself about a centroidal axis parallel to the

(heads are considered as stiffening rings located one third of the head depth from the head

tangent line)

L¢ length of the cylindrical portion of the inner vessel ~ 128 inches

P collapse pressure, psid
R inside dish radius of head = 84 inches

te thickness of the cylindrical portion of the vacuum jacket = 0.25 inches

th thickness of the head of the vacuum jacket = (.25 inches
v volume of the vessel, in3 '
REFERENCES

[1]  Chicago Bridge and Iron Company, "Tables-Formulas”, Bulletin No.594, 1977.

[2]  "Standard for Insulated Cargo Tank Specification for Cryogenic Liquids", Compressed
Gas Associaton, CGA 341, Arlington Virginia, 3rd edition, 1987.
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Terry Tope - 4.10.08
3.5b1 - 1/6

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

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
Date:

PSIG, Hydraulic Pneumatic
Accepted as conforming to standard by

of Division/Section Date:

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

Reviewed by:

< Obtain from Division/Section Safety Officer

<—Document per Chapter 5034
of the Fermilab ES&H Manual

< Actual signature required

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:

Fermilab ES&H Manual

5031TA-1
09/2006
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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 PST

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

3| ) 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 °F
M.D.M.T. -320 °F @ 35 P.S.I.
MAEWP 15 psi @ 100 °F

2005 S/N CEGRZO05L101

DUPLICATE

Fermilab ES&H Manual 5031TA-2
09/2006
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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

Fermilab ES&H Manual 5031TA-3
09/2006
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3. System Venting Verification Provide the vent system schematic.

Does the venting system follow the Code UG-125 through UG-1377?
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.

Fermilab ES&H Manual 5031TA-4
09/2006
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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 OF OF

Contents

Designer

Test Pressure (if tested at Fermi) DATE /)
__PSIG, Hydraulic Pneumatic

Accepted as conforming to standard by

Of Division/Section

which affect the safety of this vessel shall require another review and test.

NOTE: Any subsequent changes in content, pressures, temperatures, valving, etc.,

Figure 2. Sample of sticker to be completed and be placed on vessel.

Fermilab ES&H Manual

5031TA-5
09/2006
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FORM T-1A MANUFACTURER'S DATA REPORT FOR PRESSURE VESSELS
(Alternative Form for Single Chamber, Completely Shop-Fabricated Vessels Only)
As Required by the Provisions of the ASME Code Rules, Section VIII, Division 1

(Mame and address of purchaser)
3. Location of instaliation____ Unknown
{Name and address)
4. Type __CEGRZ06L104-102 — — D1309104 168160-168161 2005
{Hortz. or vert,, tank) (Mfg. ‘= senal Mo.) (CRN) (Drawing MNo.) [Nat'l. Bd MNo.) (Year buit)

5. The chemical and physical properties of all parts meet the requirements of material specifications of the ASME BOILER AND PRESSURE VESSEL
CODE. T]'ndm&ﬂ construction, and wmkmnwmnlmmhAEME Ruluiﬂund!m\ﬂlj Division 1 m

to AD4 A !
Addends (Date) Code Case Nos Specral Senice per UG-120 (d)
6. Shel: —080NOM _ _ 00  _1f.1024in.  _3fL.i6in
(Mat!. [Spec. Mo., Grade) (Mom. Thi. (m.) [Com. Allow. [in.) Dia. LD. [/ &in) Length (overall) (ft & in.)
7. Seams: TYPE3 = _NONE 60 —Nia —_N/A JYPES ___  NONE et et e
Long. (Welded, Db, BT Eff. %) HT Temp.  Tme(n) Grin (welded Dbl R.T. (Spot, No.of Courses
Sngl., Lap, Butl) {Spot or Full) (F Sngi,, Lap, Butt) Partial, o Full)
B Heads: (a) Matl. NIA (o) Matl. _SA-240 T 304
(Spec. Mo., Grade) [Spec. Mo, Grade)
Location (top, | Minimum | Corrosion | Crown Knuckie Efiiptical Conical | Hemispherical Flat Side to Pressure
Bottom, Ends)| Thickness | Allowance | Radius Radius Ratio Apex Angle Radius Diameter |(Convex or Concave)
(a) | Top Ni& N/A N/A N/A N/A N/A N/A N/A N/A
() Bottom 0.085 0o o 1376" NIA NIA N/A NiA Concave

If removable, bolts used (describe other fastenings) _ BOLTS ARE NOT FURNISHED

{Mail, Spec. Mo, Gr, Size, No.)
8 MAWP _35 18 psi at max. temp. _ 100 100 *F
(irbemad) {exciernal) {nesrei) {extermal)
Min. design metal temp.__- 320 *Fat _35 psl. Hydro, pneu., or COMB. test pressure §3 psi

10._Nozzies, inspection and safely valve openings:

F"m‘pm MNo. Diam. Type Matl. Nom. Reinforcement How Lecation
{Inlet, Outlet, Drain) or Size Thi. Matl. Aftached
INLET/ OUTLET 1 Z2.09" ID FLANGE [SA240 T304 1™ None UW-13.2(h) N/A

11. Supports: Skirt No meg_mea Other NONE Attached N/A
{Yes or Mo) {Describe) {where and How)

12 Remarks: Manufacturer's Partial Data reports properly identified and signed by Commissioned Inspectors have been fumished for the following
ftemns of the report (NJA

!Nl'nea'fpu‘l ﬂnmm‘nber ng‘s name and identifying stamp}

We certify that the statements made in this report are correct and that all details of dés .F" siruction, and workmanship of this vessel
conform to the ASME Code for Pressure Vessels, Section VI, Division 1. "U" Certificate \pf tWRhereilboiNe, 18,262  expires  03/14 2008,
Date _121/05 Co. name CHART , Inc. Signed X

(Manufaciurer)

CERTIFICATE OF SHOP INSPECTION

Vessel constructed by CHART, lnc, at_Canton, GA
|, the undersigned, holding a valid commigsion issued hyiheﬂi.ml.ﬂuard of Boiler and Pressure Vesse! inspectors and/or the State or Province of
.ﬁm and employed by America Ins: ompay
mmmammmmmmmmmmtnﬂmnon 12.I'1 , 2006, and state that, to the best of my

Knowledge and belief, the Manufacturer has constructed this pressure vessel in accordance with the ASME Code, Section VI, Division 1. By signing
Huwmmnndumm|mrmrnbmmhﬂrmkm auanty, expresses or implied, conceming the pressure vessel described in this
; is employer shall be liable in any manner for any personal injury or property

£ Commissions_NB# : (2/ 2443 G4 ¥ S
[Authonzed Inspecior) " (Nat1 Bd._ (include. endorsements), Stale, Prov_and No)
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3.5¢c - 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.

P1-100-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 MAWRP 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.)  Allvalves 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 coill.
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 MAWRP 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 MAWRP 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 info 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
A)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.
¢) Pumping oveffill....precautions should be taken to
prevent the development of pressure in excess of
116% of the dewars MAWP.
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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.
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.
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 in® which is << than the 7.1 in
area available.
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.
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.
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.
Size for flashing conditions using APl recommendations:
Not applicable because a scenario involving liquid relief is not
credible.
Trapped volume reliefs should be of adequate capacity to
prevent overpressure due to ambient heat input.

2
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Trapped volume reliefs were sized for fire conditions, thus they
can handle ambient conditions.

7.0 General
A)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.

B) 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.
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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.

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.

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.

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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FE Fermilab

Date: 3/29/07

EXHIBIT B
Pressure Testing Permit®

Type of Test: [ JHydrostatic [X] Pneumatic
Test Pressure 440 psig Maximum Allowable Working Pressure = 400 psig
Items to be Tested

Test to be performed on the PAB liquid nitrogen dewar fill line. Refer to attached sketch. Section to be tested is
highlighted in red. See table in sketch for component pressure ratings.

Location of Test PAB Date and Time TED

Hazards Involved
Remote possibility of pipe or component failure releasing the energy of compressed nitrogen. Nitrogen piping has
a pressure rating of 1966 psi. Component ratings are in sketch,

Safety Precautions Taken
Test area will be roped off. Test administrators will be inside PAB.

Special Conditions or Requirements

Qualified Person and Test Coordinator  Terry Tope

Dept/Date ‘ PPD/
Division/Section Safety Officer Martha Heflin
Dept/Date PPD/

Results
M@ML;L Teart Togs % 133240
7

3 P s

Witness / %/é\ / 379/ 7 Dept/Date §/" i "'53'5'.7
{Séfet}?ﬁyor Designee) ’

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

Fermilab ES&H Manual 5034TA-1
Revised 3 /2001
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Schematic and component ratings for pressure test of
PAB LN2 dewar fill line.

LN2 fill line pressure test components

ComponentID Manufacturer Model
PCV-70-N Messer / Chart MG97P
CV-90-N Check-All Valve UN-3-150-SS
SV-90-N Circle Seal 5120B-4MP
S-091-N Mueller 1715
MV-091-N Worcester 1/2 C4416P
MV-92-N Worcester 1 1/2 C4416P

Components to be
pressure tested

Maximum Allowable

Working Pressure
600 psig
3000 psig
2400 psig
550 psig
870 psig
870 psig

Relief valve
Anderson Greenwood
83MS46-4

2000 psig max

Bottle Regulator
9 500 psig set point

Test Gauge
USG 0-600 psi
600 psig max

:

D<

Matheson B16
3000 psig max %J
D>
X Regulator
N2 Isolation Valve
Matheson LMM4346P
3000 psig

Vent Valve
Whitey B-1VM4-F4
3000 psig

Test Section Isolation valve
Matheson FT4374
3000 psig

Terry Tope
4.9.07
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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.

11.1f 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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# Fermilab

Date: 6/7/07

EXHIEBIT B
Pressure Testing Permit*

Type of Test: [ |Hydrostatic [X] Pneumatic
Test Pressure 110 psig Maximum Allowable Working Pressure 100 psig

Items to be Tested

Test to be performed inside PAB. Refer to attached sketch. Section to be tested is highlighted in red. See table in
sketch for component pressure ratings.

S
Location of Test PAB Date and Time TBD %/ ‘?’ j 0’}-

Hazards Involved

Remote possibility of pipe or component failure releasing the energy of compressed nitrogen. Most of the pipe is
inside a stainless steel vacuum jacket which would act as containment in the event of a tested component failure.
The nitrogen piping is rated for 2568 psi. Component ratings are in spreadsheet.

Safety Precautions Taken
Test area will be roped off. Test administrators will be a significant distance from piping.

Special Conditions or Requirements

Qualified Person and Test Coordinator  Terry Tope

Dept/Date PPD/
Division/Section Safety Officer Martha Heflin
Dept/Date PPD/

521;::} Prﬁs-'iur: L‘.;—\ Nb {';r‘.‘;iufﬁ" ()rt?{? ;HJ‘(qLi ﬂln. qquﬂ

i A Al Jacdnn, T
Ic"l'-l\j u-i'ﬂ_ W /?
[33:198V /
Witness &{{_ }{4(’({{ Le i Dept/Date ?D ! E‘;“‘H ﬂ; 0 2 - ( }_)
(Sa er 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.

Fermilab ES&H Manual 5034TA-1
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Schematic and component ratings for pressure test of PAB LN2 transfer line.
6.7.07

LN2 transfer line pressure test components
Maximum Allowable

Component ID Manufacturer Model Working Pressure

MV-100-N Cryolab CV8-086-5WPY?2-ED 150 psig

CV-100-N Fermilab 1/2" check valve >> 100 psig
MV-119-N Cryolab CV8-084-SWTG2 100 psig
PSV-117-N2 Circle Seal 5100-2MP 2400 psig
PSV-118-N2 Circle Seal 5100-2MP 2400 psig
MV-120-N Cryolab CVv8-086-SWPG2 150 psig

EV-106-N2 Asco 8263G209LT (120 VAC) 100 psig

PT-27-N2 Setra 205-2 100 psig

Pl-44-N2 US Gauge 0 - 150 psig 150 psig
PSV-101-N2 Circle Seal 5100-2MP 2400 psig
EV-105-N2 Asco 8263G209LT (120 VAC) 100 psig

\ Components to be

pressure tested

Relief valve Test Gauge
Anderson Greenwood USG vac-0-300 psi
83MS46-4 300 psig max

2000 psig max

Bottle Regulator
g 135 psig set point

Matheson #3020-580
3000 psig max Dié)
D>
Regulator
N2 Isolation Valve

Matheson LMM4346P
3000 psig max

%- <
Test Section Isolation valve

Matheson FT4374
3000 psig max

<

Vent Valve
Whitey B-1VM4-F4
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.

12.1f 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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# Fermilab

Date: 5/10/07

EXHIBIT B
Pressure Testing Permit*

Type of Test: [ |Hydrostatic [X] Pneumatic
Test Pressure 440 psig Maximum Allowable Working Pressure =400 Psig
Items to be Tested

Test to be performed on a portion of the FAB liquid argon transfer line that leaked in a previous test. Refer to
attached sketch. Section to be tested is highlighted in red. See table in sketch for component pressure ratings.

Location of Test PAB Date and Time TBD

Hazards Involved

Remote possibility of pipe or component failure releasing the energy of compressed nitrogen. Argon piping has a
pressure rating of 3487 psi for the stainless steel sections and 1113 psi for the copper sections. Component ratings
are in sketch.

Safety Precautions Taken
Test area will be roped off. Test administrators will be inside PAB.

Special Conditions or Requirements

Qualified Person and Test Coordinator  Terry Tope

Dept/Date FPD/
Division/Section Safety Officer Martha Heflin
Dept/Date PPD/

Resu

F:Iﬁr_r Pactun )} 440 P53, ‘Pn--sioul: 0id nd lede jato

e | -
M 23291

Fi

7]
Witness _JHZ\/VV (%1 7” Dept/Date ﬂ)%” U "{7

(Sdéty ?ficé'r or Designee)

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

Fermilab ES&H Manual 5034TA-1
Revised 3 /2001
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Schematic and component ratings for pressure

test of PAB LAr transfer line.

LAr transfer line pressure test components
Maximum Allowable
Working Pressure

Component ID Manufacturer Model
PSV-203-Ar Circle Seal 5100-4MP
MV-204-Ar Swagelock SS-8BG-V47
MV-213-Ar Swagelock SS-8BG-V47
MV-218-Ar Swagelock SS-8BG-V47
PSV-219-Ar Circle Seal 5100-2MP
MV-217-Ar Swagelock SS-8BG-V47

MV-366-V Swag SS-8BG-V47
MV-461-HAr Swagglock SS-8BG-V47
PSV-249-Ar Circle|Seal 5100-2MP

MV-202-Ar Swagglock SS-4BG-V51

MV-208-Ar Swagglock SS-4BG-V51

MV-365-V SS-8BG-V47
MV-480-HAr gﬁ\ SS-8BG-V47
PSV-250-Ar Circle Seal -

MV-239-Ar Swagelock Comgggéggég -

MV-244-Ar Swagelock presggl - 9’

Relief valve Test Gauge
Anderson Greenwood USG 0-200 psi
83MS46-4 600 psig max

2000 psig max

Bottle Regulator

Matheson 3020-580
3000 psig max Dié)

500 psig set point

:

2400 psig
1000 psig
1000 psig
1000 psig
2400 psig
1000 psig
1000 psig
1000 psig
2400 psig
1000 psig
1000 psig
1000 psig
1000 psig
2400 psig
1000 psig
1000 psig

<

D<1
Regulator

Isolation Valve

Matheson LMM4346P

3000 psig

Vent Valve
Whitey B-1VM4-F4

3000 psig

Terry Tope
5.4.07
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L Fermilab

Date: 5/22/07

EXHIBIT B
Pressure Testing Permit”
Type of Test: [ |Hydrostatic [X] Pneumatic
Test Pressure 440 psig Maximum Allowable Working Pressure =400 psig

Items to be Tested

Test to be performed on the PAB liquid argon transfer line. Refer to attached sketch. Section to be tested is
highlighted in red. See table in sketch for component pressure ratings.

Location of Test FPAB Date and Time TBD

Hazards Involved

Remote possibility of pipe or component failure releasing the energy of compressed nitrogen. Argon piping has a
pressure rating of 3487 psi for the stainless steel sections and 1113 psi for the copper sections. Component ratings
are in sketch. Most of the piping is inside a vacuum jacket which would act as containment for a failure.

Safety Precautions Taken
Test area will be roped off. Test administrators will be inside PAB.

Special Conditions or Requirements

Qualified Person and Test Coordinator  Terry Tope

Dept/Date PPD/
Division/Section Safety Officer Martha Heflin
Dept/Date PPD/

Results

CAe  Aransler line pJS.S-le o 44¢ psiy. T ool \ine did A l:-ui' (ade

—aduladiay MoGaum  Fogw S
l r-r.;.zrr.i _-f:...,;ru- '15’22.‘:!«! ¥ Z :
Witness Wﬂ 1‘;’1:?"',] ]\) Dept/Date % éé‘i‘4 {23 -0 7
(Safety,

icer or Desigrieé)

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

Fermilab ES&H Manual : 5034TA-1
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Schematic and component ratings for pressure
test of PAB LAr transfer line.

LAr transfer line pressure test components

Components to be
pressure tested ~a

Maximum Allowable

—

Bottle Regulator
Matheson B16
3000 psig max

Component ID Manufacturer Model Working Pressure
PSV-203-Ar Circle Seal 5100-4MP 2400 psig
MV-204-Ar Swagelock SS-8BG-V47 1000 psig
MV-213-Ar Swagelock SS-8BG-V47 1000 psig
MV-ZT8-Ar Swagelock SS-8BG-V47 1000 psig
PSV-219-Ar Circle Seal 5100-2MP 2400 psig
MV-217-Ar Swagelock SS-8BG-V47 1000 psig

MV-366-V SS-8BG-V47 1000 psig
MV-461-HAr SS-8BG-V47 1000 psig
PSV-249-Ar 5100-2MP 2400 psig

02-Ar SS-4BG-V51 1000 psig

MV-%S-Ar SS-4BG-V51 1000 psig

MV-265-V SS-8BG-V47 1000 psig
MV-480-HAr SS-8BG-V47 1000 psig
PSV-250-Ar Circle Seal 5100-2MP 2400 psig

MV-239-Ar Swagelock SS-8BG-V47 1000 psig

MV-244-Ar Swagelock SS-8BG-V47 1000 psig

Relief valve Test Gauge
Anderson Greenwood USG 0-200 psi
83MS46-4 600 psig max

Terry Tope
3.29.07

2000 psig max

500 psig set point %-
Z .

>

Regulator
Isolation Valve Vent Valve
Matheson LMM4346P Whitey B-1VM4-F4

3000 psig 3000 psig
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Terry Tope
3.29.06

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.

12.1f 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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Terry Tope — 6.7.07
3.5g-1/6

3.5g — “Luke” Materials Lock Bellows and Gate Valve Pressure Test
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# Fermilab

Date: 6/6/07

EXHIBIT B
Pressure Testing Permit*

Type of Test: [ JHydrostatic [X] Pneumatic

Test Pressure 385 psig Maximum Allowable Working Pressure  Estimated as 35 psig  psig

[tems to be Tested
Test to be performed on a portion of the PAB FLARE liquid argon materials test station. This includes a modified

vacuum gate valve and a welded edge bellows. Determining the internal pressure capability of the bellows is the

reason for this test.

Location of Test PAB Date and Time TBD

Hazards Involved
Gate valve has been modified to handle internal pressure — analyzed with ASME code (see attached). Bellows is

of unknown origin . However with its internal rod support and construction it should be capable of withstanding

35 psig. Most likely hazard is failure of the bellows.

Safety Precautions Taken
Test area will be roped off. Test administrators will be a significant distance from pressurized components. This

is a low pressure test with a small amount of stored energy. Bellows is weakest link and if it fails it will fail at a

welded edge. This will cause the bellows to leak. It will not fail in an explosive manner.

Special Conditions or Requirements

Qualified Person and Test Coordinator _ Terry Tope

Dept/Date PPD/
Division/Section Safety Officer Martha Heflin
Dept/Date PPD/

Resul E S
E?:‘?MFN\‘ ‘['”"Js‘z-.l'. desd . TTeiry (e 133290 “’),,,f? 5
i

aliled
; LI

Witness _W. E:fl{. ﬂ'fi-{:\!l'uﬁ-ﬁ Dept/Date PD/‘HES‘F/‘T‘ fffﬂ?
(Sdfety cer or Designee) d

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

Fermilab ES&H Manual S5034TA-1
Revised 3/2001

Page 160 of 299 5/16/2008



Terry Tope
6.6.07

Schematic and component ratings for pressure test of “Luke” bellows and gate valve.
- \/These components are
/ -

disconnected

Ao

oPT-67-Ar |PSV-313-Ar - Relief valve,

u Ry MV-£ 6-Ar - Isolation Valve
PT-185-V and PT 4862V are conflat V]| || Swapqigek S6-4BG-VH1
i 1 57 08 e rae sl N1 L, 1000 psig/max
equipped va uumtraggmﬁtersftgat €an185-Y_ 477 / e NAY
- handle several atmospheres of positive (77 ) 1) D AN gy
o = ~Spressure. oy
Relief outlet capped withiKF blank with pressure retaining/ring o, o 51

oeT) Circle Seal 500-8MP.. o
& 1(000 psigmaxe ¢ & —F SFF.

o
-y

(

-
|
o~

———

| - C eo T8car s L p

I o MV-290-Ar - Iso 4 ) |

. Swagelock SS-4BG-V51—— ‘

| 1000 psig max ‘j f ;

Relief valve | | 1 MV-2541V - Gate Valve : G I J
Anderson Greenwood Gauge : E‘%Cal GVM-6002-CF_ 9 By

83MS46-4., 5 Vac-0-300 psig- -~~~ - - - gt

Bottle Regulator ?ggo psigmax: - : | I_
Matheson #3020-580 P 2D, /A /™ N ek sl ok e} ’ ) R M .
/ 7 // g 17777 \,__. P4 NG / \ > N A L e N\ A~ ~
3000 psig max %O i // 7 = 4 I NN
i D — 77 -~ 07 B :
A Regulator 7 24| |77 MATESIU 3
N2 Isolation s 7 VentVave AT ) 25
3000 psig max 30Q0 psig max 57 2 ]
APOR_PUMP [ S
‘ N :
EP-308-A
(P
'1\\ NTUFRWISE :J."HHF'](‘:/\".H.A'”‘\I«
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Terry Tope
6.7.07

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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Terry Tope - 5.23.07
3.5g

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

2
t=d £$P=(i) S—Eand Z=3.4—ﬂwhere
\ SE d) ZC D

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.
. 24(6) _ 1 496, P = (0.125)2 (18800)0.5 _ 8 3p5i.
6.0 | 1.496(0.33)

9
T+ —
16
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.

2.4(1.125)
(13)

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

Z=34-

=110psi

2
_3.19, P=(0.125) (18800)0.5

1.125) 3.19(0.33)
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Terry Tope - 5.23.07
3.5g

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

(0.5)2 (10500)0.5 — _ .
=|—| —————=="73.9psi. This exceeds the 35 psig relief valve set point.

16.0) 1.496(0.33)
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Terry Tope — 6.15.07
3.5h-1/4

3.5h - LN2 Dewar Piping Pressure Test
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Date: 6/15/07

EXHIBIT B
Pressure Testing Permit*

Type of Test: [ JHydrostatic [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.

Fermilab ES&H Manual 5034TA-1
Revised 3/2001
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Terry Tope

6.15.07
Maximum Allowable
Component ID Manufacturer Model Working Pressure
MV-97-N Nibco - —800-p &g
Schemaﬂ@(/dﬁsaftompom ratings for - ggg psig
-95- C T psi
pressure mfg'l' PAB LN28ewar piping. E5a psig
SV-96-N Circle Seal 5159B-4MP-80 2400 psig
RV-36-N Cash Acme B 400 psig
SV-97-N Circle Seal 5159B-4MP-80 2400 psig
MV-88-N Nibco - 600 psig
SV-98-N Circle Seal 5159B-4MP-80 2400 psig
MV-89-N Nibco e 600 psig
Break piping union here and pressurize
piping thru adaptor. Dewar will not be Maximum Allowable] ~<+—— Components to be pressure tested
Component ID  Manufagturer . Model Working Pressure %2 inch SCH 40 SS rated at 4600 psig
MV-97-N Nibco  \ = == 600 psig
MV-107-N Nibco  \ = -——- 600 psig
MV-95-N Nibco e 600 psig
MV-86-N Nibco = § === 600 psig
SV-96-N Circle Seal 5159B-4MP-80 2400 psig | |
RV-36-N Cash Acme B 400 psig
SV-97-N Circle Seal 5159B-4MP-80 2400 psig
MV-88-N Nibco | = e 600 psig
SV-98-N Nibco | = == 600 psig
MV-89-N Nibco - 600 psig
Relief valve Test Gauge
Anderson Greenwood USG vac-0-300 psi
83MS46-4 300 psig max
Bottle Regulator 2000 psig max
Matheson 3020-580 135 psig set point ©,
3000 psig max gj)
D>< D<1
V
A Regulator ) .
. Isolation Valve Vent Valve Test Section Isolation valve

Matheson FT4374

Matheson LMM4346P Whitey B-1VM4-F4 3000 psig

3000 psig 3000 psig
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Terry Tope
6.15.07

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.

11.1f 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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Terry Tope — 4.24.08
3.5i-1/3

3.5i — “Bo” High Voltage Feed Thru Pressure Test
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Terry Tope = 4 2308

# Fermilab

Date: 4/23/08

EXHIBIT B
Pressure Testing Permit*

Typeof Test: | X|Hydrostatic [ | Pneumatic
Test Pressure To failure  psig Maximum Allowable Working Pressure 105 psig

Items to be Tested
FNAL designed high voltage feed thru. Feed thru will be tested to 105 psig. If it survives at 105 psig, the feed thru

will then be tested to FAILURE. See attached sketch.

Location of Test PAB Calibration Shop Date and Time TBD

Hazards Involved
Center stainless steel rod or HDPE cylinder could be forced from housing and become projectiles.

Safety Precautions Taken
PAB calibration shop will be closed to those not participating in the test. Test personnel will remain 5 feet from

HV feed thru. Feed thru will be placed in a bucket and covered with rags to prevent any broken parts from

becoming projectiles. Performing hydraulic instead of pneumatic test to limit the stored energy and mducn the hazard.

Test personnel will wear eye and ear protechion.

Special Conditions or Requirements

Qualified Person and Test Coordinator  Terry Tope

Dept/Date PPD/

Division/Section Safety Officer Martha Heflin 9'
Dept/Date FPD/ -4 1% s
Results

Ma leales ot lOS f?'sl'@, Z-Mlﬁul. ahrh&‘ q‘* abeu} SO psig .

hl.n

MASS jua {-uilﬂ- woh X s rgei"'-' £t M

Witness a@ gg g % é £ ik Dept/Date FCif 4‘/?(@ '
(Safety Officer or Designee

*  Must be signed by division/ section safety officer prior to conducting test. Itis the responsibility of the test coordinator
to obtain signatures,

Fermilah ES&H Manual S5034TA-1
Page 1%%%2%&& 6326&&}1



‘¢ High pressure water supplied by hydraulic test apparatus.

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.

)

5/8 inch diameter stainless steel rod

HDPE cylinder

1.375 inch OD, 0.035 inch wall, stainless
steel tube. Rated for 853 psi.

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.

./ Bucket to contain water leaks

5034TA-2
Revised 3/2001
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Terry Tope — 5.15.08
3.5j-1/3

3.5j — “Bo” Signal Feed Thru Pressure Test
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Torry Tope = 4 2308

# Fermilab

Date: 5/14/08

EXHIBIT B
Pressure Testing Permit”

Type of Test: | X|Hydrostatic [ | Pneumatic
Test Pressure To failure  psig Maximum Allowable Working Pressure 105 psig
Items to be Tested

FNAL designed signal feed thru. Feed thru will be tested to 105 psig. If it survives at 105 psig, the feed thru
will then be tested to FAILURE.

Location of Test PAB Calibration Shop Date and Time TBD

Hazards Involved

Epoxied section of feed thru could fail and become a projectile. Excluding the epoxy, the flanges are rated for
At least 2000 psig,.

Safety Precautions Taken
PAB calibration shop will be closed to those not participating in the test. Test personnel will remain 5 feet from
signal feed thru, Feed thru will be covered with rags to prevent any broken parts from

becoming projechles. Performing hydraulic instead of pneumatic test to limit the stored energy and reduce the hazard.
Test personnel will wear eye protection.

Special Conditions or Requirements

Qualified Person and Test Coordinator  Terry Tope

Dept/Date PPD/
Division/Section Safety Officer Martha Heflin
Dept/Date PPD/
Results

Mo leﬂk’b @ oS psve —2 Pﬁ-Ss-J Zx lesh
A_@m_ll wk @ 400 P‘l‘-u [.'t&_"db_ﬂ.ﬂﬂ‘{d;\‘
4 leaks \n e speyq @ Foo i

Mass jre \calcag abnwe 000 os5ig

P
Dept/Date PPD / £ A 5/ Jy
/ 7 S

» ust be signed by diuisinnfwchu <afety officer prior to conducting test. It is the responsibility of the test coordinator
to obtain signatures.

Fermilah ES&H Manual S034TA-1
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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>

Terry,

| 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 | 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
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Terry Tope — 5.15.08
3.5k - 1/4

3.5k — “Bo” LAr Piping Pressure Test
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Schematic and component ratings for pressure
test of PAB “Bo” LAr transfer line.

Components to be

pressure tested \

Terry Tope
5.14.08

Relief valve
Anderson Greenwood
83MS46,'4 Test Gauge
Bottle Regulator 2000 psig max USG 0-600 psi
Matheson 3020 series 500 psig set point e 600 psig max
3000 psig max Dié)
D><
X Regulator
Ar Isolation Valve Vent Valve
Matheson LMM434BP Whitey B-1VM4-F4
3000 psig 3000 psig

D><
%Vacuum isolation
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Terry Tope
5.14.08

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.

13.1f 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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Terry Tope — 4.10.08
4.1a-1/22

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

Qa = FGiUAO.SZ

where:
- o Btu

U= Overall heat transfer coefficient to the liquid, — -

hr- ft™°F
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 ft? (see Figure 4.1a.2 for key dimensions).
Gi= Gas factor for insulated containers.
Q.= Flow capacity required at applicable flow rating pressure and 60 °F 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 °F (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% MAWRP. 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 °R (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

-8
oy = e, [ = T3 )= W(zmszmz Yo No22k ) ~@67.725 ) |k 13400m
T

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

23.544w
272(1.118m ) ——"———(867.718 -867.126
27[Lextkss (Tz _T3 ) - n( " m-K ( )K = 13744W .

. 0.30877m
In| = In| —————
(r2 ) (0.30658m)

9> 3cona =
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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.

-8
ot -1) SO7A0 W 987m* YR67.126* ~105.028* K*

Gy g = - K — 6126W
I l-g(r 1, 1-0.7(02830m
&5 & \n 0.1 0.7 {0.3066m

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 Nu..

1/3
0.272

0.104Ra’** Ra,
—Ll% L, Nu, =0.242
: H
6310 o
1+ L
Ra,

Combining the standard relationships for Nusselt number, Rayleigh number, and the convective heat transfer rate
equation yields

Nu, = 0.0605Ra,'"”, Nu, = {1+

3 1/3
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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

93404
2t k, (T~ T,) 2(1.1176m) > (1050282 -103.2336 K
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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

5.67x107°
Gioi1raa = 0411, 14 _]Tl‘ )= 2

= WV (0.5225m> Jo.7 (022K ) - Ra4.236K ) | 4450w .

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

23.082W 2
T 10.3832m" {844.236 -824.687)K
_ kA (T, = T,) __mK ( ) )

_ =4538W
911-10cond LlO 0.0381m

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

-8
4 4 0.2473m* w(824.6874 -103.234* )K4
_ 4,01, -T,,) _ m K — 4538
910-12raa = 1 1 = 1 1 =
—t—1 —t——1
£, €&p 0.7 1.0

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.

q 18282W 1 1J 1Btu 3600sec 1m? 1K Btu
h= = > X——X X X =X =1.633——5—
AAT  2.408m (922—103.234)1( W sec 1055.06J hr 10.7639ft° 1.8R hr- ft°°F

To calculate the initial estimate of the relief capacity needed, a gas factor, G;, must be computed. When the flow rating

60.2 psia
pressure is less than 40% of the critical pressure (%- 100 = 8.5%), the following is used to compute G..
4 psia
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where
. Btu . .
L= Latent heat of product at flow rating pressure, 63.33F for saturated conditions at 60.2 psia.
C = Constant for vapor related to ratio of specific heats (k=c,/c,) at standard conditions. k = 1.67 for Argon at 60 °F
and 14.696 psia which corresponds to C = 378.
Z= Compressibility factor for saturated vapor at 60.2 psia
Pv 60.2(0.7531)144
L =— Z = 15515 )] =0.909.
RT, (185.8)
39.948
T= Flow rating temperature, 185.8 °R.
M= Molecular weight of gas, 39.948.
ﬁ3

v = specific volume, saturated vapor at flow rating pressure of 60.2 psia, 0.7531 l_ .

m

73.4(1660-185.8) [0.909-185.8
378-63.33 39.948

G;is caluculated to be =9.30.

The uncorrected volumetric flow rate was found to be

3
Q.. =1.0-9.30-1.633-25.90"% = 219f4 of free air
min

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

VAMTZ

provides the following sizing formula A = —————where
6.32CKP,
A= required orifice area, in?.
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 °R 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)

P;= inlet flowing pressure, psia = 1.21 x (35 + 15) -15 + 14.7 = 60.2 psia

2194/29-520-1.0

= = 0.243in’
6.32-356-0.816-60.2

The “F” size Anderson Greenwood relief valves (PSV-210-Ar and PSV-377-Ar) have an orifice of 0.307 in® which is larger
than the required 0.243 in® 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 /in® 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 « x 0.125 x 16.5 x 16 = 103.7 in>. The volume of the rods is (xt / 4) x 0.125° x 16.5 x 16
=3.240in".

A conical strip of metal at the bottom of the basket has a surface area estimated as = x 4.9 x 0.75 x 2 = 23.1 in’ (this
includes both sides of the strip). The volume of the strip is estimated as (n / 4) x (4.92 - 4.71252) x0.1=0.142 in°.
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The surface area of the cylinder at the top of the basketis it x 1 x 1 + (n/4) x 12x 2 =4.71in’. Its volume is estimated as
(n/4)x1°x1=0.785in".

The small disk at the bottom of the basket has a surface area of (n / 4) x 15° x 2 = 3.53 in” (including both sides). Its
volumeis (m/4)x1.5°x0.1=0.177 in’.

The surface area of the horizontal strips that make up the door are estimated as ( / 4) x (5.5° = 5.25°) X 2 x 2 + 7t X 5.5 X
0.125 x 2 + 1 x 5.25 x 0.125 x 2 = 16.89 in>. The strips have an approximate volume of (n / 4) x (5.5° — 5.25%) x 0.125 x 2
=0.528 in’.

The platform the basket rests on has a surface area of (1 /4) x (8° = 4.5°) x 2 + t x 8 X 0.375 + & x 4.5 x 0.375 = 83.4 in°.
The estimated volume of the platform is ( / 4) x (8° — 4.5%) x 0.375 = 12.885 in°.

The 3 bearings and drive mechanism that ride with the platform have a surface area estimated as (xt / 4) x (2.16° — 0.5°) x
2x4+mx216x1x4=549in>. The volume of these components is (m/4)x (2.‘I62 - 0.52) x1x4=13872in.

Thus the total surface area is 290.2 in>. The total volume of the components that can move in and out of the liquid is
31.629 in® of SS 304.

The densitg/ of SS 304 is 0.28 Ib / in®. The amount of stainless steel contained in the moving parts is then 31.629 in® x
0.28 Ib /in” = 8.86 Ib. SS 304 cooled from 300 K to 87 K rejects about 37,143 J / Ib. Thus the moving parts will input 8.86
Ib x 37143 J / Ib = 329,087 J into the liquid argon.

The latent heat of argon is about 73,420 J / Ib. Thus 329,087 J / 73,420 J / Ib = 4.48 |b 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 Ib / ft*. The
volume of vapor produced at MAWP is then 448 1b/1.111b/ ft® = 4.04 ft° 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 in® W
X — X x ——=11.34sec

1 290.2in> 100w 1/

1S

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 = mwhere
\TZ
A= orifice area of relief valve, 0.307 in.
W= maximum capacity, Ib / hr
M= molecular weight of gas, 40 for argon
T= relief temperature, 183.57 °R 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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P;= 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

 _ 0.307-378-0.816-54.74/40 o 1b
V183.57-1.0 hr

The latent heat of saturated liquid argon at the relieving pressure of 54.7 psia is 63.88 Btu / Ibom. The mass flow rate is
multiplied by the latent heat and converted to Watts as follows

2418&><63.88 Btu 8 1055.06J Lhr

X = 45269 Watts.
hr b Btu 3600sec

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 in°. 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 sizgnature of two people who state that
they have measured the surface area of the material and that it is less then 162.5 in”. 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

mvapor h350pslg saturated liquid — h35psig saturated liquid - 21 1 8 - (_ 2574)
= = =0.304
~107.6 - (-257.4)

X =

mliquid + mvapor h35psig saturated gas — h35psig saturated liquid

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 1% part is
the pressure drop across the orifice at the beginning of the transfer line. The 2 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= 1891d§r1f1’ceC (P =P)pus
where
w = the mass flow rate thru the transfer line when filling Luke in Ib/hr, calculated as 1436.6 Ib / hr.
doiice = 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% where u = the absolute

1
viscosity of liquid argon at the orifice inlet condition, 0.07513 centipoise. Re = 6.31ﬂ = 395596
0.305-.07513

PLaAr = density of saturated liquid argon at orifice inlet pressure, 63.39 Ib / ft®
P, = orifice inlet pressure, 364.7 psia.
P, = 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 (Kjer) for each filter is Crane 410
equation 3-19.

2
AP = L(}'ZIJ =AP = ( 14 ) Kﬂ”‘)’ = — fTCthL pfilter
filter ipe 2 filter 27
pfilzeer " 1891d] pfilter pﬂlteer W
1891d?
where
fr = friction factor determined from the modified Reynolds’s number of Re_ , = —"— and plot in the Union Carbide
Ufitier
literature .
C: = p1r(<)assure drop coefficient determined from plot in Union Carbide literature for external void fraction of 0.37, 3.6 x
107
b
G = superficial mass velocity, G = = h’; =55042 >
A 0.0261ft hr- ft

Aser = cross-sectional area of the filter, 0.0261 ft* (2.1875 in. ID).

user = liquid argon viscosity, 0.2894 Ib/(ft*hr) (saturated liquid at 152.3 psia)
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D, = 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.

Pritter = density liquid argon, 73.94 Ib / ft® (saturated liquid argon at 152.3 psia)
Kirer = resistance coefficient for filter

The modified Reynolds number for each filter is

.003693 ft) 550421b 00666 ft) 550421b
Remod,oxygen B ( lb) h . t2 = 7023’ Remod,molecularsieve = ( lb) h ] tz = 1267
0.2894 2 hr-f 02894 ° refi
St hr ft- hr

Based on the modified Reynolds numbers, ft is about 1.0 for both filters. The equivalent resistance coefficients are then
computed as follows

1.0(3.6x107'°)55042%(2.33 1.0(3.6x107"°)55042%(2.33 .
Kfilrfr oxygen = ( . ) ( ) 7394 2= 10’32? Kﬁher molecular sieve — ( . ) ( ) 7394 2= 5'72
e 73.94(.003693) 1436.3 o 73.94(.00666) 1436.3
1891(0.305)" 1891(0.305)°

The total resistance of the flow path from the point immediately downstream of the orifice to the liquid discharge point in
the CFYOStat is then Ktotal = Kelbows + Ktees + Kpipe + Kenlarge + Kcontract + Kexit + Kbends + Kvalves + Koxygen + Kmolecular sieve = 7.68 +
256 +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

P,-P)p, 9-49.7)73.
W =1891d; (Po=P)Ppuer _ 1891(0.305)2\/ (254.9-49.7)73.94 143722
227.4 hr

total

Thus the total mass flow rate into the cryostat from a 350 psig argon source is 1437 Ib/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:

WATZ

— F— where
CKPA\IM

A = required orifice area, in?.
w = required capacity, 1437 Ib/hr (maximum liquid flow rate thru transfer line)
M = molecular weight of gas, 40 for argon

T = relief temperature, 520 °R 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)

Py = inlet flowing pressure, psia = 1.10 x (35 + 15) -15 + 14.7 = 54.7 psia

1437+/520-1.0

=0.307 in>.
378-0.816 54.7+/40

The required orifice area is therefore A =

The “F” size Anderson Greenwood relief has an orifice of 0.307 in” which is equal to the required 0.307 in® 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.

V,\G

A= where
38KK K, K,~/P, - P,

A = required orifice area, in?.
K = nozzle coefficient, 0.816 (derived from manufacturer testing).
Pa = inlet flowing pressure, psig = 1.10 x (35 + 15) -15 = 40 psig.
Py = back pressure, 0 psig.
Vi = required capacity, GPM. Density of saturated liquid argon at inlet pressure of 40 psig is 81.18 Ib / ft3.

Converting units yields 1437& X ft: X 1hr. X 7'480532‘%[ B 2.20g—c_ll.

hr 81.18 Ib  60min Jt min
81.1$§l—b3

G = Specific gravity, G = ——— = ]Z? =1.30.

Puo 6238
1

Kw = back pressure correction factor, 1.0.

Ky = viscosity correction factor, based on plot from AgCo literature and Reynolds number R.

V,(2800G) - _ . ,
R = T where p = 0.1757 cp for liquid argon saturated at 40 psig and A = 0.307 in“ for the relief valve
u

2.2(2800-1.30)
0.1757+/0.307

orifice area. Thus R = = 82259 and from plot Ky = 1.0

Ko = overpressure correction factor, 1.0.
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The required orifice area for relieving liquid from the cryostat during filling is then

2.24/1.30

= =0.0128 in” and the selected relief valve orifice area is adequate.
38(0.816)1.0(1.0)1.0+/40 -0

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 C, of 0.04.
The other is a Matheson 9460 series with a C, 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:

Ve 6.32ACKP1 where
MTZ
A= orifice area, 0.307 in’.
V= relief valve capacity, SCFM argon
M= molecular weight of gas, 40 for argon
T= relief temperature, 520 °R 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)
P;= inlet flowing pressure, psia = 1.10 x (35 + 15) -15 + 14.7 = 54.7 psia

. 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 C, is computed using the equation recommended by Swagelock for
high pressure drop flow:

/ 1
=0.471N,C —— where
q 4 ng;

N, = constant with value of 22.67 for units of psia, °R, and SCFM
C, = flow coefficient, 0.05.

P, = regulator inlet pressure, 3000 psia

Gy = gas specific gravity, 1.38 for argon
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T = gas temperature, 520 °R

1
(1.38)520
argon is nearly 4 times that of the high purity regulator capacity of 59.8 SCFM argon.

q= 0.471(22.67)0.05(3000) =59.8 SCFM argon. Thus the cryostat relief valve capacity of 227 SCFM

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 VIl

w =KDCAP1/M where
17

W= rated flow capacity, Ib/hr.

Ky=  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. A = (%)1.372 =1.47in".

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 |— 0 _ ¢6152

530(1.0) hr

which converts to SCFM argon as

3 3
66152, _1hr Jt 10667

X = .
hr  60min 0.10341b min
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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:

) 2
: ? S
q, = 412%1/% which can be re-arranged as AP =(q’"—g) K where

. 412vd* ) p,
q, = 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.
Sy = 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).

AP = psi, pressure drop thru vent piping.
o1 = 0.1142 Ib/ft*, density of argon at inlet of vent tubing.

K = Kewows + Kiee + 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.

fr = 0.019, friction factor in zone of complete turbulence for 2 inch internal diameter pipe.
Keibows =2 x 30 x fr =2x30x0.019 =1.14.
Kiee =20xfr =20x0.019=0.38.

The Reynolds number is calculated from
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0.482q,S
Re = ———"%¢ \where
du
q, = 13,620 SCFH, rate of flow, in cubic feet per hour at standard conditions (14.7 psia and 60 F).
u = 0.02211 centipoise, dynamic viscosity of argon.
482(13620)1.3
The Reynolds number is then Re = 0.482(13620)1.379 =204724.
(2)0.02211
f = 0.021, friction factor estimated from Reynolds number and plot on page A-25 of Crane 410.

L = 216 inches, length of pipe.

Koipe = f% = 0.021% =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

=1.573 psi which is a negligible fraction of the available pressure.

o [22701379) )" 4788
1412(0.97)2% | 0.1167

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). Itis
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:

) 2
: ? S
q, = 412%1/% which can be re-arranged as AP =(q’"—g) K where

8
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q, = 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.

Sy = 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).

AP = psi, pressure drop thru vent piping.

o1 = 0.1142 Ib/ft*, density of argon at inlet of vent tubing.

K = Kewows + Kice + 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.

fr = 0.021, friction factor in zone of complete turbulence for 2.635 inch internal diameter pipe.

Keibows =5 x 30 x fr =5 x 30 x 0.021 = 3.15.

Kiee =20xfr =20x0.021 =0.42.

The Reynolds number is calculated from

Re = —0.4225',1% where

q, = 13,620 SCFH, rate of flow, in cubic feet per hour at standard conditions (14.7 psia and 60 F).

u = 0.02211 centipoise, dynamic viscosity of argon.

The Reynolds number is then Re = 0?;2(3153)228;1213179 =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.
L 372 : : :
Koipe = f} = 0.021% =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

2
_( 227(1.379) ) 7.535 =0.822 psi which is a negligible fraction of the available pressure.

| 412(0.97)2.635% | 0.1167

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 in®. 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
Ib/gal. Thus the required relief area is 0.00024 x 66 x 8.34 = 0.132 in>. 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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27.5" OD, 1.5in. thk SS 304 flange

2.5”
conduction thru top flange 78 f

o o o
A S s

gas flow to relief valve S5 A4

radiation from top flange to liquid surface |

¢ilvT

liquid argon level —
1200 F (922 K) fire . . i
250 liter max capacity
radiation & convection from
1200 F environment to
vacuum jacket inner vessel SS304
22.09” ID, 0.095 in. thk wall 40” 44" = Loy
conduction thru the outer and inner vessel walls |

vacuum jacket SS304
J 24.14” ID, 0.9 in. thk wall

radiation & convection
from vacuum jacket to
inner vessel with annular — |
space filled with air

External surface area = n x 24.31 x 44 + 1 x 27.5x 2.5 + 1/ 4 x 27.5° + n / 4 x (27.5°-24.31%) = 4300 in” = 29.86 ft* = 2.777 m*
Internal surface area = mt x 22.09 x 40 + xt / 4 x 22.09° = 3159 in” = 21.94 ft* = 2,038 m’

Average surface area = 3729 in® = 25.90 ft* = 2.408 m”

Figure 4.1a.1: Dimensions and capacities of the Materials Test Station Cryostat and the TPC cryostat
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e11=0.7 Ti = 844.2 K / Kss :
A e’
] s
ff-*fx}, o I A, A 1= 0.5225 m2
e

Tio=8247K" Ap=0383m>"_5 = o, 4

A, =2.168 m2\

€2 = 07\
To = 867.7 K~

kair, Qair; Vair

kss
\1-/ -

219 SCFM air

eqiuvalent V

Ltop = A11 / (J‘E X D11)

N =1.0 NTyp 103.2 K A = 0.245 m?

Total heat transfer to liquid argon = 18282 W

-/ Kss
P Te = 103.2 K (Tsqt for LAr at 121% MAWP)

kain Qlair; Vair

| As=1.962 m*

aa| Lannular
e3=0.7-J| || e =01
T5=867.1K-]| || Ts = 105.0K
___”
r <
r;<¢ e
I's 44 N
e ™ A
X ,f < S < ™~ S X
- ~— ) I : :
N external 1~ N~  annular 10 ~ N 3 external N
(oY . . © © . . o ~ 0 0 © g (Y
®  radiaton ®© radiation @+~ = " y  radiaton o
I I n ] I o - I
- 1-2,, - A 1-11,4 -
[ 47" = = - 45-60ony = g11-1060ng [ q d =
3744 W—»O O O O O O4— 4538 W
path 1 2o, wall wall flange flange 1-Moom | <= Path2
conduction conduction radiation conduction
external annular external
convection convection convection

Figure 4.1a.2: Heat transfer mechanisms during fire for both Luke and Bo.
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Flow resistances in the transfer line — valves, fittings, tubing
From Crane Technical Paper 410 Note: The TPC cryostat

(Bo) is filled thru the same
path as Luke. Bo has
Flow thru 12 elbows, each with resistance of 20 x fr, Kepows = 12 €lbows x 20 x fr = 7.68 about 13 feet of additional

The friction factor, fr, in zone of complete turbulence for 0.305 in. ID tube = 0.032

Flow thru run of 4 tees, each with resistance of 20 x fr, Kiees = 4 tees x 20 x fr = 2.56 plpmg SUCh_ t_hat BO,S .
maximum filling rate will be

Flow thru 474 in. of 0.305 in. ID pipe, Kype = frx L/ D = 0.032 x 474 / 0.305 = 49.73 less than that of Luke

Flow from small ID tube (d; = 0.305 in.) into large ID filter (d, = 2.1875 in.), two instances Thus using this maximum
P, = 254.9 psia 2\? 2 \? filling rate calculation is
(calculated) K e =2%| 1= d—12 =2x|1- L()Sz =1.92 consgervative for Bo
d; 2.1875 :

0.12 in. dia. orifice =

Flow form large ID filter into small ID tube (two instances)

m K,  =2x (0 5(1 - Z—z)) =2x (0.5(1 - M)) -0.98

; 2.1875°

5

Ff/ R /f/ﬂ

1437 Ib/hr warm

Resistance of pipe exit, Kext = 1.0

Resistance of thirty-two 90° bends (r = 1.5in.) around the regeneration gas preheater where argon gas exits the
Kone-bend = 15.5 x fr from Crane table relief
P4 =364.7 psia o
saturated
|IC]UId al'gOI"l Kbendv (n 1) 0 25'71:7[‘T Z] + O 5K0ne bend + Kﬂne—hend

Kpps = (32- 1)(0.25n(0.032)013‘35

+0.5(15.5 x0.032)) +(15.5%0.032) =12.02 P3 =49.7 psia

Convert the valve flow coefficients (C,) to resistance coefficients. There are two valves
with a C, of 1.2 and two valves with a C, of 0.36.

1437 Ib/hr liquid argon enters

2 2 2
_ 299d12 K -9 x 29.9 x 03052 +3x 29.9 x 03052 ~1355 v Cryostat at 35 p3|g
valve CV valves 036 12
-.--.'--.'--.'--.'--.'--.'--.'--.'--.'--.'--.'--.'--.'--.'--.:--.:-_-_.:-_-'_.:-_-..:-_ PR DA AT
PR PO
160 liter liquid argon stock room dewar 250 liter cryostat

Figure 4.1a.3: Filling of material test station cryostat (Luke)
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Sample Carrige Coupling Lock . AII’LOC k

QT‘: |

) Airlock Drive
To place material in
basket, 8 inc_h Platform Drive
conflat flange is This rod pulls the material basket thru the

remOYed 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.

Material basket rides on this platform
e whose motion is controlled by a
Material basket threaded rod driven by a stepper motor.

Figure 4.1a.4: Material lock details.
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4.1aa — Supporting Documentation for Relief Valve Calculations
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13.3 a Radiavon Ex{:ﬁ;«mge Between Diffuse, Groy Surfaces in an Enclosure 739

TairLg 13.3  Special Diffuse, Gray, Two-Surface Enclosures

Large (Infinite) Parallel Planes

LIT T]- Ey ¥ 4
| = A, = Aelli 79
— BIATA T o
RN CHENN Ay Ty 6 12 ' —
B B
Long (Infinite} Concentric
Cylinders
A, b
— = AATY — T3
A 2 =M (13.25)
Fz=1 L + 1 —gy Ll
£y €2 L
{omcentric Spheres
oA {T7 — T3)
= (13.26)
l+ 1-e.fn 2
£y £z fz
g = oA g (T — T3 (1327

tween surfaces 1 and 2 is given by Squation 13.24. However, with the radiation
shield, additional resistances are present, as shown in Figure 13126, and the
heat transfer rate is reduced. Mote that the emissivity associated with one side
of the shield (g, ,} may differ from that associated with the opposite side {g; ;)
and the radiosities will always differ. Summing the resistances and recognizing
that F; = Fy, = 1, it follows that
Ao(T} - T3)
T i —e,, -, (13.28)
— 4 =+ -
B &7 £3.1 €32

Mete that the resistances associated with the radiation shield become very large
when the emissivities £, | and &, , are very small.

Equation 13.28 may be used to determmine the not heat transfer rate if T, and
T, are known. From knowledge of g, and the facl that g2 = g5 = g4 he

-value of T may then be determined by expressing Equation 13.24 for ;5 07 ¢z
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v Buoyaney-driven flows gq
horizontal cold [T, < 1
and hot (T, > T} plares: ‘3
{a) top surface of cald plan, ]
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(B} botlem surfaee of colil 3

plate, (c) 10p surloce of ot 8

plate, and (d} bottom sur-

L) i face of hot plate, E

surface facing downward (Figure 9.84), the tendency of the fiuid 1o descend 5y
and ascend, respectively, is impeded by the plate. The flow must move hation-
tally before it can descend or ascend from the edges of the plate, and convec.
tion heat transfer is somewhat ineffective. In contrast, for a cold surface facig 3 :
downward (Figere 9.8b) and a hot surface facing upward (Figore 9.8¢), flowis -3
driven by descending and ascending parcels of fluid, respectively. Conscrvalion

of mass dictates that cold (warm) fluid descending (ascending) from a surface ¥
be replaced by ascending (descending) warmer {eooler) fluid from the ambient,
and heat transfer is much more effective.
Although comelations sugpested by McAdaros [5] arc widely used for hori- - %
zontal plates, improved accoracy may be obtained by altering the form of the 73
: characteristic length on which the cormelations are hased [18, 19]. In particular 3
o with the characteristic fength defined as .
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iz bused on the characteristic length £ of the geometry, Typically, i = Land}
for laminar and wurbulent flows, respectively. For turbulent fiow it then follows
that h, is independent of f.. Note that all properties are ¢valuated at the film
temperature, ¥, = (T, + )2 '

9.6.1 The Vertical Plate

Expressions of the form given by Equation %24 have been developed for the
vertical plate [5-7] and arc plotied in Figore 9.6. The vocfiicient C and the ex-
ponent # depend on the Rayleigh number range, and for Rayleigh numbers less
than 10%, the Nusselt number should be obtained directly from the Jigure.

A comelation that may be applied over the ensire range of Ra, has been
recommended by Churchill and Chu {8] and is of the-form
T e P s L DL I T T T
%’. Nty 9.26)"
Although Equation 9.26 is suitable for mast engineering calculations, slightly
bettee accuracy may be obtained for laminar flow by using (2]

i (AR e iy

t
i 1% '
; i

L+ @ a2

Nl i
i R S S P N LI A LR

It is important to recopnize thal tie forcgoing results have heen obtained
for an isothermal plate {constant 7). If the surface condition is, instead, one of
uniform heat flex (constant gt ). the temperature difference (7, — T..} will vary
with x, increasing from a value of zero at the leading edge. An approximaic

procedure for determining this variation may be based on results [8, 5] showing

3.4
T 1

3.2t~ - | é: »' . [
30 |4 RN |
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i i Eguation 124 :
ag |--}- |- - — O =050 ._._p..:__ - - e
75 - ! : i ; A -
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2.0
12 |-
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Létgy g My,

FIGuRE 9.6
Tusselt nember fur free

o 1 % 2 45 & 7 39 10111213 cagvection heat transfer
Lagyp S Pr from s vertieal plate [5-7].




402 Chapter & m Free Convertion

Analysis;  For the quiescent air, Equation 9.12 gives
 gBT, - T

I

o

_ 98mi X (312 1073 K™ '070 — 25)°C(0.25 m)®
- (17.95 x 107° m¥s)* = 6.69 % 1 §

Henee Ba, = Gr, Pr = 468 X 107 and, from Bquation 9.23, the free o
. tion boundary layer is Jaminar. The analysis of Section %.4 is therefor, ap *
o bie. From the results of Figure 9.4, it follows that, for Pr = 0.7, n = ﬁ.!}l:; F
.- edge of the boundary layer, that is, at y = A, Hence *
| 6L 6(D.25 m)

fy = = ={.0
I {Grbmjm {1_6? W 10?)]."4 24 m

Eor airflow at o, = 3 m/s
ul (5 mfs) X025 m

Ree ==~ = 1595 x 10 *m¥s

=697 X 10*

|

|

!

|: and the boundary layer is laminar, Hence from Equation 7.19
" 5L 5(0.25 m)
]

i

t

|

1

= 0.7 m

&= R T 697 x 109

Comments:
1, Boundary layver thicknesses are typically larger for free convection than for?
forced convection, 5

2, (GriRel} = 0.014 < 1, and the assumption of negligible buoyancy effe
for i, = 5 mfs is justified.

F

9.6
Empirical Correlations:

ol External Free Convection Flows
: . o

In this section we summarize empirical corretalions that have been dm'el_c-
for common fmmersed (external flow) peometrics. The correlations an sunahlt_._ g
for mmost engineering caloulations and are generally of the form ;

O i i ALk

o -

where the

ih

el
' 1 ' Lol -
Al e -

Loamdrn

leigh

T

T
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T 1 Introfr 1
TR 2kt kel

Ficure 3.6  Nollow eylinder with convective rurfare nonditions.

from Equation 3.24 thzt the conduction hear transfer rate g, (not the heat flux
gr)is a constani i e radial direction.

We may determing the temperature distribution in the cylinder by solving
Equation 3.23 and applying appropriate boundary conditions. Assuming the
value of & to be constant, Equation 3.23 may be integrated twice to obtain the
general soluton

Tfin=Cinr+ G, (3.25)

To obtain the constants of integration C, and C;, we introdnee the following
boundary eonditions:

fird="T., and Hry=T,,
Applying these conditions ta the general solution, we then obtain
T.,=Clhn+tc und T.o=Clar+ L,

S:}ivmg fﬂr C . and £; and substituting into the gcncra] solution, we then obtain

Note that the tempemature distribution associated with radial condection
through a cybindrical wall is logarithmic, not lingar, as it is for the plane wall
under the same conditions. The logarithmic distribution is sketched in the insert
of Figure 3.6.

If the temperature distribution, Equation 3.26, is now used with Fourier’s
law, Equation 3.24, we obtain the following expression for the heat transfer
rate:

From this result it is evident that, for radml conduclmn in a cylindrical wall, Ihc
thermal resistanca is of the form

ey bk | TR ML L
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For hquids of moderate Peandtl number, such as water, Eq. (4.98) can also be
used for Ra < 10°. For higher Rayleigh numbers, the Globe and Dropkin cormelaiion
(34] way be used for horzonial layers:

o, = 0.069Ral" P73 X 10° < Rap <7 X 10° i4.102)

Alse, for horizontal layers of air, that is, # = 0°, the range of validity of Bq. {4.98)

extends to Ray = 10%,
Duta are available in the literature for inclined layers of small aspect ratio b g
have not been correlated in a satisfactory manner. ;
Tn vertical cavitics of small aspect ratio, with the horizontal surfaces sulated,

as shown in Fig. 4,38, the following correlations due 1o Berkovsky and Polevikoy
[35] may be used for Auids of any Prandtl number.

1, 2 < HAL < 1

o PI' 0, I8 H -~ 154

. = 01{7 R ) <o
2. 1 = HiL <2

. Pr 029 Pr

Nu; = l:l,lﬂ({:l_1 " PrRa") : 10! < mRﬂL (4.1034)

The flow and convective heat transfer in small-aspect-Tatio cavities can depend on
the temperature varialion along the separating walls and, hence, on conduction in the
walls and on radiation exchange within the cavity.

Tnsulatad 3
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EHERTEE Figure 4.38 Schematic of 2
Lo small-aspect-ratio vertical enclosure.
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Conceniric Cylinders and Spheres A

Figuee 4.39 shows isotherms for ratural convection between concentric cytindes:
with the inner cylinder heated and the outer cylinder cooled. The correlations €0 B
ommended by Raithby and Hollands [36] for natural convection between CONCEnN®

*
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(4.98)

+, L must be set coqual

Figure 4,37  Schematic of 2
large-aspect-ratio jnclined
enclosurz, The angle @ is
measuced from the horizontal,

2. 8 = 60° [33]:
N = max [Noy, Nuzj (4.59)
where
.
0.0036Ra; """
Ny, =41+
1+ 0501+ {Ray f3160)2430-1)
. 0.1?5 0283
Nu: = (ﬂlm*{‘ _—_HJ"L )RﬂL
and is valid for 0 <2 Rap < 107
3, 60° < & <2 907 [33]:
— o} -8 = & - 60—
NUL = ( 3 ]NUW-: +[ o )NULW [4.1["]]
4. & = 907 [33]:
mLmo = ITkEl'.({NLI.[, Mu;, Nu;} (4.1'“1]

where

Nu; = 0.0605Ra;”
11
0.104R0™ 1
Ny = \1’ * [1 ¥ {ﬁSlﬂfRaL]l-“l

R 0272
Nu; = n.*zzu(—-“i)

H{L

and 15 valid for 1 < Rap < 10" for Ra, = 10°, Nuggp = 1.




X} CHAPTER 4 CONVECTION PUNDAMENTALS AND CORRELATIONS

required for the Auid (o become unstable, then heat transfer across the layer is by
conduction onty, and from Eq. (1.9),

. kA
- 2y -7
Q 3 (T o)
or

_ k _
h,f:E, Nu1=l

Thus, cormelations for the Nusselt number always have a lower himil of Ny, = |,
corresponding to pure conduction. In Section 4.2.1, it was indecated that a horbzong|
layer heated from below becomex uastable at a critical valee of (Tg — Ti) In
dimensioniess form, the criterion for instability and the onset of ¢ellular convection
is a critical value of the Rayleigh number,

— 3
= 88T ~ T _ g0
M

REIL

: As the temperatore difference (T — T.-} and, hence, the Rayleigh number incieases,
E there are transitions lo increasingly more complex flow patierns until finally the flow
; in the cote is turbelent. In the case of a vertical layer of fluid contaimed between
paralle] plates maintained at different temperatures, cicculation oeenrs for any Rap > 8
(. however, heat transfer is essentially by pure conduction for Ra, < 0%, Asihe
Rayleigh number is increased, the circulating fow develops and cells are formed. Al
Ra;, = 10" the flow changes to a boundary layer type with a boundary layer lowing 3
upward on the hot wall and downward on the cold wail, while the fluid in the 3
core region rentains relatively stationary. At Ray = 10%, vertical rows of horizontal
vorlices develop in the core; and at Ra;, = 10°_ the flow in the core finally beoomes
turbulent. . i
The marked changes in flow pattern with changes in Rayleigh number are charac-
teristic of internal naturat convection in all shapes of enclosures, Thus, it would he
wnrcasonable ta seck a single simple correlation formula valid over wide Rayleigh 8
and Peandt]l number ranges. Simple power law—-type formulas are usually valid for 33
small mnges of Ra, more peneral formulas are usually quite complex. Thus, enly 2 -8
few confipurations witl be considered here,
Heat transfer scross thin air layers is of considerable enginecring importance.
Referring to Fig. 4.37, comelations recommmended by Hollands and coworkers fr
aspect mtios of H/L = 10 are as foliows.

calh b

1. 0= 8 < 60°32]:

17038
Ea cos &

e SE I N

Nu, =1+ 1.44[1 -

| 1708Gin1.80)'¢] (Rﬂr.'@ﬁ‘_”md]
Ray cos 5830 )

(4.98) 28
where if either of the terms in square brackets is negalive, il must be sel equal ,
o zero. Equation (4.98) is valid for 0 < Ra; < 10°, -
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For L = a2 = 0.47 m,
(1/408)(2000(9 810 4T .69
(25.5 % 107932 -

Nu, = 052G, Py’ = [0,52]( 70,3

g (000 ,
B o= {E]Hu;_ —[ 57 )?9.3 5.5 Wim* K

CommEnts

L. The more approximate Eq. (4.91) gives a vatuc of Jr, that i5 185 higher than that
From E4. (4. 87)

2, Use CONY 1o check k..

£ theroial encrgy, Ca.u.

1 recomriend thy ;.
r this problem, the

4.4.2 TInternal Natural Flows

Figure 4.36 shows a selection of enclosures in which natural convection is of en-
gineering concern —for example, in flat-plate solar collectors, wall cavilics, and
window glazing. The horizontal layer heated from below was discussed in Section
4.2.1, where an appropriate definition of the convective heal transfer cocflicient was
shown to be

af 500 K and i located
and the convective heaf’

0/A
TH - Tc
The lenglh parameter commonly used to defime the Nussell number is the plate
spacing L. If the temperature difference (Tn — Te) is less than the crilical value

h =

1 = 400 K. From Tablgy

.-._.--In...u-# ~
g = 1400 for an e - Brick lass pane

] Alr space Beer
;} _ 13 — AQ
2= 4 f,g sp;.;e

»

04
Ra L S Y —
0,691 ]
{0 (] e} {d}

i Figure 436  Encloswres. (o) A double wall with an aic gap. (&) Doutle

: window glazing. {c) A Nat-plate solar collector with 4 partition o suppress
: natual convection. {2} Sterlization of beer by condensing steam.
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Sizing

Physl'iéif_ﬁfﬁﬁéhlas

Gas oo Yapat

Aeerone
- peetylong {Ethyoe)

fuir
* ymeaania, Anlydrous

Reqon

genzene {Benzok or Bgrzole)

goegn Trillouride
_Buladiene-1 .3 (i)

putang-n (HoTmal Butang)

" Bkylene {1-Bultene)

Carbon Ciowide

" Garbon Disulfide {C. Bisuidr]

Carbion Manozide

. Cathon Telrachioride

Chhoring

.- Chigramethane {kdethyl Cnlpride)

Cyciohexane
Cyctopenpane {7 rirnelylene]
Decane-n
Digthylens Gyl {DEG}
Dimethyl Ether. (Mettigh BB}
prwetherm A
Dewitherm £
- Etmane
Edlyl Mcohot {Ethamat)
Ethylene {Ethene]
Ertiyleng Glyeel
Ettylene Oxide
Flugrorarhons:
12, pictiorodifluoyomethang
13 Chhosahifhuarometians
1381, Bramatrifluaroimeinane
22, enlorodifluoromethane
115 Ghmruuanla'lluormihane
Glycering [Glycerin o Glycerol)
Hehium
Heptang

R M L TN
v

tnlecular
Weight
56 08
%M
597
1703
3995
FLRN]
G782
4.0
5812
5f,11
440
TEA3
PLA
153.82
T0.91
5649
8416
4208
14229
10617
4607
16500
147.00
.07
a7
2605
Ge 0T
44,05

1240 9%
W47
148403
a6.48
194.46
4210

4.00
100.21

Snechiie
Heal Ratlo

112
126
1.40
1.3
167
il
1.20
142
1.0%
1.1
124
1.2
140
1114
1.34
128
104
111
104
107
1.11
1.05
1.00
1.19
143
124
1.09
1.2

114
117
114
118
1.03
1.06
167
1.08

Gas Constant

3
43
356
248
Ira
328
337
229
326
25
340
33
356
328
353
345
306
326
20
123
328
3
s
336
330
KLY
126
338

a1
334
31
135
24
322

KT
3
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English Units
pla
or
12,700 ¥,

Re ——————

T uvA

Metric Units
3313V G

PRy

Cetermining K,
y, = Flow rate at the llowing tempera-
lure, in LS. gpm [m3h]

G = Specilic gravity ol liquid at flowing
temperature referred to waler =
1.0 at 7OF [21°0)]

§ = Absolute viscosity al the flowing
ternperature, i CENEpGiges

£ = Effective dizcharge area, in squars
inches [cm2] tfrom manutacturer's
standard ornifice areas)

U = Viscosily at the llowing ternperature,
in Saybal Universal seconds

After the value of A is delermined, he
Taclar K,, is obtained fram lhe graph.

Factor K, is applied 1o correct the ‘prelimi-

hary required discharge area. |f the
comected area excesds the 'chosan stan-
dard orifice area,’ the cateulations should
b repealed using the nast larger stan-
dard orifice size.

Determining K,
Sec graph al right.

Anderson, Greenwood & Co.

Premium Performance Direct Spring

Valves - Series B0 and 80

Sizing — Determining K, and K,

1.0

0.8 e

D8

o7

13

LS

Vlszosity Correction Fadlor

."=

K

04

0.3

1
10 20 A0 60 100 200 400

1,000 2,000 10,000 20,000

R = Raynotds Number

100,200

E
]
g BN 1
a 0,90 \ Correction Cure
& for Types 817 -4
¥ & 1 H‘\ andB1P-8 ]
g hY N1
i ¥ 0.7 \ \
£ 3
£ 5 0B
5§ O - ‘\ N
1
u & 4G Comrection Gurve o~
5 & far Types B1P - G _ \ M
g8 dat 4 and 1P - |} \
o]
[ 0,20 b
o
ﬁ 0.10
; &.00 1
= 4] 5 i} 15 20 a5 W a5 A0 A5 1 55 60

Percentage Back Pressure =

Back Pressure, psig [barg] 100
—_—e———————————————  +
Set Pressure, psig [barg]
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ToETTnary Selettian Glld

Apnlicalions
Valye Gasf Gas/Liquid
Type Vapor Liguid Therma! 3Sleam
Relief

Bl F X

Ealy X ®

43 X %
wF X B

E6 ¥
&1 ¥ X

1. Minimum and masimum set pressures may
nob be available in all orilice sizes {see
pages 19- 22).

Bndy Material
Seat St

Type Brass G5 35 Pressure

psig (hatgl
Plastic ¥ % ¥ G0to10,000 [3.95to BEOG
Plastic ¥ ¥ G0to G000 (24510 4137]
-ring y X ¥ 20010000 (140t 6695]
G-ring X 15 to 500 (1.03 to 34.5]
Plastic ¥ % X GOt 720 [3.45 10 49.6)
Plastic 41 500" [207 1o 345]

37 0 531 12.5510 36.6]

0-fing *

Sizing — How to Size a Valve

Pressure relief valves are selected an the
pasis of thelr ability lo meel an expecled
relieving condition and flawing a sullicient
amount of fluid to prevent excessive pres:
sufo increase. This means that the size of
the valve grilices must be caloulated tak-
ing the required flenwr, 1ading Tuid
praperlies, and olher factars into comsid-
eration.

To selack the minimum required onifice
areq that witk fow the required capacily ol
the system you wish 1o prolect, please
refar to Whe follgwing information, which
appears ift this section:

1, Sizing formulas

Nezzle Coefficient and Avaitable Orifice Sizes. in®[cm?] " .
‘LFBWEJ‘} K ,{: 0.049 0.0v7 g.110 0150 6,196 0.307
Type '"I.-% j0.3161 [0,487] [0 1G] [0.868] [1.2651 i1.981]
A o e en ek .
B DB % X % X
cgp 0 X ox '
81 0BG X X X X
g3 0898 ¥ '
g6 0816 X %
g1 - 0877 X '
@me 0ae? % ' X

2. Physical proverties of the vid o be
religved

8. Capacities ¢! difereat orifice areas
ak dilferent pregssures

4. Conwversion tables to aid calcuizlions

Once you have determined the reqesined
arilice area lor your service condilians,
refer to Ordering, pages 54 through 83, 10
selacl a specific valve mode] rumber,

Orifice Areas and Hozzle
Coefficient

The gritice areas and nozzle coelficients
for all Saries B valves are labutated in
the 1able helow.

Religving Balanced
Temperalure for Back
“F W H| Pressure

0% to SUFF [253°C10260°C] M
CACENAE [APCR200 Y
40°F 10 GEOTE [-407C 1o 268°C] H
AF 10 SA0FF [-40°G to 288°C]
492°F 1o 515°F {-253°C 10 266°C]
420°F 10 400°F [196°C to 205°CY
40°F 4o 400°F [40°C 10 205°C)

2= = =

These values are derived loxm the values
certified by Ihe Mational Board of Boilar
and Pressure Vessal Inspechors, M agoar-
dance wilh Saclion VI, Division 1 of the
ASME Pressurs Yessel Code.

verification of Sizing

Chifice area calculalions are made andtor
verified whenever suflicient dala iz provid-
ed. If no dala is furnished, the size
aclection responsibility wilk remain totatly
with the purchaser.

0.503 0.78h 1.287
[3.245] [5.063] i8.303]
I I R
X X ¥
X N R
* X X
. )

X X
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Anderson, Greenwood & Co.”
Premium Performance Direct Spring Valves - Series 60 and 80

Fiorbee "'-F?a‘l:“-‘-'hr\"gﬂr?“'ffr &

Sizing — English Sizing Formulas

Vapors of Gases (capacity in SCFM)?

W o MTZ

£.32 CKP,

Wapors of Gases {capacily in lbsmh)!
W '\,Jlﬁ
cKP, VM

English Sizing Fermutas

Cyrifice area ealeulalions are made andfor
verified whenevar sufficient dala is pravid-
gd. If no data is fumished, Ihe size
selection responsibility will remain totaly
wilh the purchaser.

V = Raguired capacity, 3CFM
W = Required capacity, Ibvh
W = Required capacity, gpm

G = Specilc gravity of iguid at llowing
lemperalure referred Lo water = 1.00
at 7O°F (see Physical Proparics on
pages 12 - 14)

M = Moleeular weight ol vapor or gas
(M = 29 x G, s&e Physical
Properties on pages 10 - 11)

.—'

= Ralief lemparature, "A
*F =*F + 460}

Z = Compressibility factor {if unknown,
assuma Z = 1.0)
G

- Specific heat ratin k= ——

-

1. Asis accepted induslry practice, back
pressufe ‘gr eonvantional (unbalanced)
0as or steam valves should nol exceed
190 percenl.

Steam {capacity in (b
W
) SIS K P, K,
Liquids {capacily in gpr}
v VG
28 K Kp Ky Ky *‘"ﬁ

A=

C = (Gas constant based on k (if un-
known, assume = 315, see
Physical Properies on pages
10 - 11; also see page 8B}

¥ = Mozzle coeflicient for 90 percent
of actua! capacity, derived fram
Mational Board Certified Testing
(=ee page 4)

Py = Inlel fiowing pressure, psia
= Set pressure - inket pressune i0ss +
allowable overpressura + 14.F

F, = Inlat flowing prassure, psig
= et pressure - inlet pressure 1053 +
allowabla overprassure

Py = Back pressura - peig
K. = QOverpressure correction factar, 1.0

K, = Bach pressure correction factor
(see page 7)

K, = Viscosity correction lactor (see
page 7)

K_= Superheat correcton factor (for sat-
urated sleam, K, = 1.0, refer 10 Takla

on paga 9]
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sioyeinBay

(@ Regulators

Mode! 9460 and 9470 Series
ULTRA-LINE® Dual-Stage Ultra High-Purity Stainless Steel Regulator

with Tied Diaphragms

Design Features/Components

* Available in two choices of materats: 3161 stainless steel wiy,

316 stainless steel intemats (Model 9460 Series), or 3161 stainla,
stes] with Hastelboy C-22 internals (odel 9470 Serieg),
s Dual tied scat design ensures regulator closure under extrep,

conditions
» 27 inlet and delivery pressure gauges

* Aubogeneons butt-welded connoctions

# The seats are the only non-metallic components in b progess

shoean
= Standard 1015 Ra surface finash
» Sealed and ventable bonnets
» Helium Jeak tested to 1 x 10% se¢fs0e

» Assemhbled, kested and packaged in a Class 100 clean arva

F = Femarle M = Mile

Materials of Canstruction
ie Model 3470 Seres
Gauges: 316L skainless stec! MEL stainless stog]
Body: 316L stainless sheel 34l stainless sheed
Banineks: Mickel plated brass Nickel plated brass
EHaphragms: 3146 stairdess steel Hastclloy C-22
Seats: Kel-F 8l R |
Crescription Linkages: 36 stainless steel Hastelloy C-22
Ultr high-purity staintess steel regulators for wse with Springs: 316 stainless stocl Hastedloy C-22
semicenductor applicatians, Seals: Motal to metal Metal to metal
Applications Specifications
« All semiconductor industry applications requiring precise Maximum Inlet Pressure: 30 peig (20,704)
peossune control. #laximun Flow Raote; & SCTFM (150 SLIPM)
A { At 3000 psig inlet, N}
Flow Capacity (Cyk: .05
Operating Temperature: AN°F to 160°F {-40°C ta 71°C)
Porting; 174" VCR compatible
Shipping Weight: 5lbs
Ordering Infarmation P
All of the Model 9460 and %470 Series arc shipiped double bagged under puriti ed | Argon, All gauges used
are 100% Helium leak tested and have female 1 ,"4” ‘I.-’(]R compatible mrmcclmns.
) Belivery Pressure ; kS Delwery Pre_ssur_e " Inlet Pw__-ssu_re o
‘;_)O Model §umber Range © Gauge - -Gakge
1, . 316L Stainless Sterl Regulators s . .
b‘*i\ 3 94634VAFM 0-30 psig 30" var-0-60 psig _ 03000y
C_? T G4A3-4-VAMM {-30 psig 30" vac0-60psig -~ - - 0-3040 psig
946T-4-VAFM 0-100 psig 30" vacD-200 psin 0-3000 psig .
5467-4-VAMM 0-100 psig 30" vac-0-200 psig -0-3000 psig
3161 Stainless Steei Regulators with Hastelloy C-22 _I:iterné1 Parts . . o ) ?
9473-4-VAFM 0-30 peig 30" vac-0-60 psig © 0-3060 psig
9473-4-VAMM 0-30 psig 30" vac-0-60 psig .. G-3000 psiq_
9477-4-VAFM {-309 psig 30" vac-0-200 psig 0-3000 psig
947 7-4-VAMM 0-100 psig © 30" vac-D-200 psig 0-3000 psig
DefeliOuilA: : )

www.mathesontrigas.com
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NUCLEATE BOILING OF NITROGEN,
ARGON, AND CARBON MONOXIDE FROM
ATMOSPHERIC TO NEAR TIIE
CRITICAL PRESSURE

O Jokler* and 1. L. 1*ark, Jr.

Liniversitr of Missorri o Rella, Rolla, Afssouri

[INTRODLUCTION

The nucleate-boiling repion is of great importance Lo the engineer because in this
regron Jarge quantities of heal can be removed with pelatively low temperaiure
dilferenees. This study wasinitiated to study the boiling behavior of carbon monoxide
and to compare carbon manoxide’s nocleate-bailing behavior (o the hoiling behavior
af ther crvogenic Auids (nitrogen and arpon).

PREVIOLUS WORK

Previous work will be revicwed only bricily since a more complete coveruge is
given clsewhere [4]

The nucleate-bailing region 15 characterized by bubbles onzmnaung from active
sites culled nueler. Many authors [* '#] have presented wark which indicate that
nucleation sites are small imperfections 1in the heat transfee swrface and that the
nucleate-bailing heat transfer s a strong (unction of the surface conditions. Although
several investigators [2% '] have studied bubble dyoamics and frequency of release
of bubbles. the correlutian of these variables has not resulied in @ peneral cqualian
which will prediet neclente-boiling behavior,

The wximum heal-flux poiat of the nucleate-boiling curve has proven e be an
arca ol preatinterest, Many attempts have been made wodevelopa coreelatingeyuation
for predicung the maximum heat flus. but such sguations have been vsed with only
hirnited success,

Hy detining o wniversal bubble-departure velority near the critical heat flux,
Rohsenew and Criffith [*] developed the Following cquation :

_ 9.
FQ-"”_rnn = 143 (Pf. . rf‘lr) (1
oL 2

Kutaeludee [1*] derived a similar equation independently by the use of dimen-
sianal analvsis.

*Present ackbress  Shell Ond Company, Woad River, Ulino,
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Equution [2) was developed by Zuber ['*3 based on Helmholtz's instabilivy [or
two-phase Now nvelving ligud and vapor,

Qi _ 7 [ e = N e 7 5
P2 | " e oLt <t

O the inber hand. Cichelli and Bonilla 1177, using experimental daty from many
arganic liguids, developed an empirical equation of the lorm

0/ s _ i) ”
F,
Applving thermodynamic similarity and the Clavsios- Clapeyron eyuation. Lienhard
and Schrock ['*] obtained an equittion sitnilar 1o (3), invelving the definibion of a
prachor.
Ta etiminate the effect of surface variables, Cabb and Park 1'% developed an
cguation with a reduced pressure of (01,

(A ] " 42 12 03 .
A L0 - 00T — D048 T+ 241 & TSN
[':Q-'I“”mut)r.. =l

{H
4+ 3207 - 1288 1"

EQUIPMENT AND EXPERIMENTAL PROCELINIRE

The cxperimental equipment includes a pressure and condensing system,
heating element. an clectrical system. and a temperatuee measurng syatem, Since the
cquipment has been described in dewail previousky dUT I will nol b repeated,

The proceidere followed during the data acquisition is briclly described below,
Refore filling the autoctave, liguid nitrogen was allowed o circulate through the
internal condenser o aid in cooling the vessel. Carbon monoade and argon were
avinkable in the gascous state and were condensed inside the autoclave by regulating
the gas flow through the Bil fine and into the vessel. Continued circulalion ol liquid
nitrogen through the internal condenser caused the gas to condense. until the required
liquid level was reached within the actockave. However, to fill the autoclive with
nitrogen. liguid nitrogen was charged through the fll line and into the vesscl wnd was
vented 1o the atmosphere.

When the biguid level was approximately 7in., the vessel was closed to the
atmosphere and the system pressure controlled by momtoring the mitrogen flow
through the internat condenser. When 1he desired pressure was reached. power wis
supplied to the heating elerent. To achieve proper aging of the heat transfer surfuce,
power was increased until a transition from nucleate boiling to film boiling wus
ohserved. The power was then turned ofl, and the heater allowed tocool to saturation
temperature. This progedure of entering Lhe film-boiling repion was repuited cach
time the heater was exposed 1o the atmosphere.

With the biquid pool at the desited saturation temperature, power was 00ce Again
supplied Lo the heating element. Temperature, amperage, and voilage were recorded
after steady state was achieved by adjusting the nitrogen flow rale im the internal
condenser. The power level was then raised and the next nucleate-bailing pait wis
recorded. Intermittently between points, the thermocouple recording the pool
wmperalore was checked 10 abserve any change in the saluration temperature. This
procedure was continued until the burnout point was attained. Once 4 pressure run
had been completed, the power was turned off and the pressure was adjusted 10 3 new
value, The previous sieps were repeated at cuch pressurc, untd all of the desired
nucleate-bailing curves for the specifie liquid were recorded.
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Table L. Heal Troansfer Surlfaces

Charackerisics

SusTuce by Heare Mo al 1he surlace
| 1 clealrnplpied wih
pold —unaliered
2 2 eleciraplated wah
ol — unisliesed
i 2 surfuce Mo, 2
ok 10 Lap walee
lor 24 hr
4 2 suplaee Mo 3

-polhed with o salt
clisth whesl

To check for reproducihle tesults, the holling curye at o reduced pressure al' (. |
was always the first and last bodling curve to be studicd for o given huaid. The reduced
pressuce ol (0F was chosen beeawse of the desive 1o carvefully examing the correlation
developed previously by Cobb and Park ['*].

Thecritee] heat Qux wasdefined by a rapid increase in temperature dilference A7
This rapidly pising AT wis observed, far most runs, 10 oceor as soon as the power was
increased from the previous setting. Only in a fow instances was the AT found to rise
suddenly after the power setting hod remained constani for several minutes. o the
[winer case, the st power setling was recorded s the eritical heat flus : for ihe Former
case. the eritkcal heat Alux was recorded as an average of the last twe power settings.
The above procedure resulied in the fellowing ereors, The combinel product errors of
currentand voltage for mewsuring beat fuxes are £0.125%;, which is approximalely
copued 1o 4 50 RBuhe-ft? for the Jarge heat Quxes obwdned in this investigation,
Temperature cauld be read to +0.00F mVY, equivilent Lo & temperature accuracy of
+01°F. Temperature dilferences deviated, an the average, by less thun 1°F Toc
corresponding heat fuxes.

RESULTS

Eauring the course of waking cxperimenial boiling hewt transfer dac four different
heat transler surfaces were used . Table Desa summary af the various gold heat transfer
surlaces employed, Two bealers were necessury because of the failere ol the heating
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clemwent within heater Moo 1, A entincly new heer and heatiog sacface were intro-
duced alter this fatlure ; hewever, both heaers were of the same design.

Figures 1 through 4 present a2 number ol the nucleme-boiling curves ot several
reduced pressures for indraduoul holing suefaces. The boiling curves far liguid
nitrogen and liguid argon followed the same general pattern. The slopes of 1he
boiting cerves hecamie Barger with increasing pressuee, and the cnitical heat Mluxes had
their grewtest vaiues at reduced pressures ranging frum 0.3 10 0.5, In contrust. the
nucleate-hodling curves ablained with iguoid carbon monoxide (Freo 41 were char-
acterized by abbreviated nuclente-Toiling regions and low eettical heat Auxes. Surface
Ma. 2 wielded S-shaped boling curves when bailing with liquid nitragen, liguid argon,
and hguid carbon monoxide.

DISCUSSL0N

Critical Heat Finx and Maximum Temperature Difference Corrclations

All eritical flux dara for mrogen and arpon were carrebated by using the Cobh
urtd Park ['¥] maximum hent flux correlation. By using the reduced pressure of ik asa
reference vilue, the correlation ¢liminates the effect of heat transler surface on the
critical heat Aux theeughout a series of pressure runs. [0 must be emphasized that the
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heat-teansfer surfaee should remain constant during a serics of pressure runs for the
correliation 1o be wiilized. .

An average error of 6,18 %, with a standard deviation of 18.2%, wus obtained
when sixteen liquid pitrogen and liguid argon critical beat fluxes were compared to
the Cobhand Park equation in Fig. 5.

The series of nittogen runs with heating surface Ne. | deviates noticeably from
the Cobb and Park cquation at reduced pressure of .3 and 0.5 This deviation may
e due to 2 change in the beat transter surface during boiling. .

Figure & compares the correlutions of Zuber F1%, Kut:tt::ladzf:_[ 1. Rnh_scnnw
and Griffith {1, Lienbard and Schrock ['*], and Cichelli and Bomilla it with the
maximitn hext flux data of this investigation. 1Uis scen that only the equahons ol
Zuher and Kulateladze predict values of the right order of magnitude. These lwo
lntter corrclations were also compared with the argon data of this mvestigation.
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However, it was found that all the above cquakions devisted several hundeed percent
from the argon dita.

Heat Transfer Surface Efeets on Nucleate Boiling

Four different heat transier sorfaces were whlived during the experimental
nuckeate-boiling runs, as indicated in Table 1. Figure 7 itlustrates the effeer of the
condition of the heat ransfer surface on the shape and slope of liguid nitrogen
nucleate-botling cueves. Belalively smooth nucieate-bothng curves are associated
with surfaces 1 and 4, buk she slope of the surluce 1 hailing curve 15 approximately
twice the slope of the boiling curve exhibited by sweface 4. The boiling curve obained
e surface 3 is also of greater slope than the surface 4 curve: as stated in Table L
surface 4 15 highly polished and amoather than surlace 3. Surface 2 and 3 botling
curves initialby huve simibar slopes, bue their shapes and slopes differ greatly ax the
critical heat flux is approached.
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The S-shaped curve associnted with surfiee 2 is particularly unusual. S-shaperd
clirves kave been reported by several authors: Tang and Retem [*Y]. Raliis and
Twwurek [20 Yan Stralen 1275, and Zober [22]0 however, the observation of such
curves is relatively infrequent. Grell [*4] gives further insight into the S-shaped curve
by relating its appearance to a sudden inerease 1n the nucleation site densiy.

Many zutheors— Stermen and Vilernus D 2%, Kosky 7273 and Cobband Park ['*)
have indicated the importance of the stie of the heat transler surface an the coitical
bzt . Dhtferent pressure runs were reproduced 1o be sure that the heating surface
tiad not changed during bodimg. Eight bailing curves were doplicated at variows
pressures on wialtered heat teansfer surfaces. Reproduction of the critical heat fux
never deviated by more than 7%, and the average devianon foc the eight eritezil
fluxes reproduced was 307, An inherent ercor of 3% was caleulared for this heater
ACTANGCmEn L.

i contrast, the Ave nitrogen redoced-pregsare rens duplicated on suefaees Land 2
produced anaverage deviation of 17,57 among corresponding maxinmeem heat fluxes.
Similarly, & devianion of 240, was Found between atmosphieric critical heat fluzes
srseelaces L and 3while the masimum heat lux was deerensed by 164" hy polishing
surliee number 3,

OF the eight boiling curves dupheated on unaltered serfaces, five were not
ciposed to the atmosphere between checks for reproducibility and three were
cxpmed. This exposure did not affect duplication of the maximuwm heat flus but did
aftect the reprodocibitity of the maximum temperature differeree. The reproducibility
of the maximum AT on the live unexposed surfaces never devicled by more than 7.2 ',
with an average deviation of 4,67, The maximum AT on the three exposed surfaces
waried with an avertge devianon of 1999,

Mueleale Boiling of Carhen Maonoxide

Mgleate botling of hguid carbon monoxide gave unusual cesults when conpard
e the experimental data of nitrogen and argon. Three boiling curves were duplicated
ad s reduced pressuce of 9.1 and the averuge eritical heat flux deviation was 11,37 Tor
the same baibing surfaces. This high deviation might be aecounted for by change in
ihe hewt transfer surface caused by carbon monoxide or by the unigue behavior of the
corbon monoxide crities] heat flux as discussed hekow.

The critical best Mexes of Tguid wrzon and liguid nitragen were defined by o
suclden rise in sueface teneperature sigouling the beginning of tilm bodling, En contost,
the pressure tuns of lguid carbon monoxide. alove the reduced pressure of 0.1,
entered partial film boiling at celatively fow heat fiukes, This pactial flm boaling was
chracterized by o slow increase in temperature defference with time at a constant heat
s, After severs] minutes had elapsed. the Jast AT was recorded before a rapid
merease in surface temperature marked the mitiation of fully developed filim boiling,
The ksl AT which was recorded in cach run varied randomly in the range of 20 o
ST weith different pressure runs, '

Lyon, Kosky, and Harwan [27] sxperienced the same phenomena of partial film
hoiling for liquid oxyeen ai higher pressures wsing @ platinum surface. This behavior
was attributed 1o the attainment of il boiling for a small seetian of the test clement.
I is appurent that o varation of pressure causes a change in the normul mechamisms
of nucleate boiling for ligueid oxyaen und liguid carbon monoxide ; adsorption of the
pxypen molecale on the boiling surface at higher pressures may be an explanagion.

The carban menazide nueleate-boiling runs weee all obtained while hodling Iram
hewd tounsier sucface No. 20 This is the same surfuce that exhibited the S-shaped
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banling curves For Biguid meregen and liquid srgon. H0may be pussible that surfoce
clfects ather than oxvgen adsorption caused the premature film boiling observed
with liquid cerban menoexide. and that these same unknown surface elfeees are the
souree of Lhe unigue S-shaped boiling curves. Nuocleate baiting of carhon mapoxide
from ditferent heat transter surfaces should pravide a definite answer to this question.

The het fux that initiated partial i boiling was defined as the critical heat
flux For carban monexide. Figure 4 shows the b criticnl heat dtuxes of curbon
menoxide coupled with the gradual disappearance ol the nucteate boiling reion with
IMCreasing pressure.

A Famly of nucteste-boiling pressure runs was made on surface No. 2 for hquid
nitragen, liguid argon, and liguid carbon monoxide. Compiwisen of the critical heat
fluxes for these liquids shows that the argon and nitrogen critical heat Auxes averige
P76 and 1307, Taruer iy magnitude, cespectively, when compared 1o the criticid heal
Huses of fiyoid carbon monoxide.

CONCLLSIONS

L. In wontrast to liguid nitrogen and liguid aegon. the eritical heat fluxes of
liguid carbon monoxide are defined by the appearunce of partial film benling
at reduced pressures runging from 0.3 1o near the crilical pressure,

* When compared 1o the eriticel heat fuxes of liguid carban momaxde over i
wade range of reduced pressures and for a given surface. the critwei] et
fAuzes of quid aigon wad liquid nitrazen average F76 and LI, larger m
mapnttude, respectively,

3. Ofthecritical heattuxcarrebutions tested, theCobband Park equationappears
— q P

10 be the most accuriite for the corvelation of the eritical heat fluxes ot liguid
mitropen sl ligu:d argon.

4, Each batling heat transier surface has its own charactesisiic boiling curve
with espect to hoth shape and slope.

— $. Fora given surface, the eritical heat flux can he reproduced to watlan 3, 1t

warions reduced prossurcs ) Rowever, LU may wiry is much 15 25 among

different heat transter surbaces.

];:, f. Fxpasure of the heat-transier surfsee 1o the mmosphiere aftects the critical

heat ffux enly slightly, but decs alter the maximum temperature difference
by o average af 207,
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UNION CARBIDE
MOLECULAR SIEVES

FIXED-BED PRESSURE
DROP CALCULATIONS

1T 8 ADSORBENTS
LTI & CATALYSTS




WORKING EQUATION

The Ergun equationt®) for the calculation of pressure drop in adsorbent beds is in good
agreement with numercus pressure drop measurements made in Union Carbide laboratories
and on commercial adsorption units for both gas phase and liguid phase operation.

Use the following modificd form of the equation to calculate pressure drop through
Molecular Sieve beds:

AP I,CG?
L T D,
where:

C, = pressure drop cocfficient (ft) (sq hr)f(sq in)
D, = effective particle diametert®? ft.
f, = [rction factor
G = superficial mass velocity, Ib/(hs} (5g 1) o
L. = distance from bed entrance, ft. zha dohe he
AP = pressure drop, psi '
p = Muid density, Ibfcu ft.

AP/L is the pressure drop per unit length of bed in psifft.

The friction factor, [, is determined from the accompanying graph {page 3) which has

f; plotted as 2 function of modified Reynold’s number.

Modified Re = D, G/,

p = fluid viscosity, 1bf(hr) (It
[multiply centipoise by 2.42 to obtain 1b/(hr) (f0)]

The' pressure drop coefficient, C,, is determined frotn the graph (page 3) which has C,
ploited as a function of external void fraction, ¢

The suggested valucs for € and Dy, for various sizes of LINDE Molecuiar Sieve are:

€ Dy
1/8-inch pellets 0.37 0 DOI22 1t
1{16-inch pellets 037 0.0041 fi.

1430 mesh gratules 0.37 0._(][]33 ft.

(a} Ergun, 5., Chem Engr Frog, 48, 78 (1932)

i,
th} Dy = T T {173 (D, 11} where D is the particle diameter and L, is the particle length
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EXTERNAL VOID FRACTION, €
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MODIFIED AEYNOLDS N

EXAMPLE

Petermine the pressure drop throwgh an 3 ft. diameter by 10 ft. deep bed of LINDE
Molecular Sieve 1/16-inch pellets drying 55 MMSCFD of gas at 50°F and 420 psig. The pas
has a molecular weight of 25, a viscosity of 0.010 ¢p, and 2 density of 2.0 Ibfeu.ft. at

operating conditions.

_ 55 x 10° SCFD 25 tbsfmal 1
= T 2dhrsiday | 379 SCFmaol ¢ (8)1/4 sq. ft. - 3000 Ibf(hr) (sq.ft.)

0.0061) (3000
Modified Re = D, Gy = LEEWE::HE}_} = 736

f, (from figure)= 1.07
C, (from figure fore of .37) = 3.6 x Lge

AP _(l 07)(3.6) (30003 (10~ 1)
L {2.0)(0.0061)

For a bed depth of 10 ft.
AP = (0.28){10) = 2.8 psi

= (.28 psifft.
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QUANUM (vu735 =

Two Stage Tied
Diaphragm Regulator

Farker Honnifin Comporation's Veriflo Division

—=—a presents the 735TDR, The two sfage, tied-
"'E"'- diaphroam regulator is designed to provide
VEFTI"FLG constant outlet pressure regardless of inled
|50 SO0l Corfiliod pressure fluciuations,

Subotmospheric pressure conirol available
with the NFR735.

features

P verniCiean”, Vernflo's custom low
sulfur, high purity 3140 S1ainless Steal™
enhances eleclropolishing, welding
and corasion resistance.

v

Tied diophragm for added safety,

» Adusiment rongs spring may be
replaced without brecking diophragm
seal to body and exposing the watted
areq to Contaminohion.

b Unioue patented comprassion
rmember loads seal to body without
requiring a threaded nozzle or
odditional seals to aimosphere.

P tetal-to-metal diophragm-to-body
seql gssures high leak integrty.

P 1005 Helium leck tested.

P Huriicane cleoning. oplional
proprietary cleaning process, remaoves
metalic ions. organic filrms and sutface

vt rurniet At adhering particlas,

p | moteriols of construetion

Wietted
Body . "WenZaan”, vonfio's costom high puriby
Iyeacr 31&L Slairress Sleoi™, Hoslgloy C-22°

Sealo .o FCTFE. ootional Vaspa®
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Compressan Membor. ... J1AL Srenloss Shecl
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Heon-Wetted
Mub e A TE St aless St
GO e e Mickel ploted 90t
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MPAR L e 250 Eg ho B i
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Heavy Duty
APPLICATION & USES Listed
C e R
VTS 450 Series Cé)afxrnés_ :Ic.) e S OB\

+ 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
(20cm x 20 cm x 19 cm)

Weight: ........ 7 |b. 6 0z. (3.67 kg)

DESIGN/CONSTRUCTION
VTS 450
Forged brass body and housing cap
+  2-1/2" gauges brass
+  Stem type seat mechanism SAMPLE ORDERING INFORMATION
+  Diaphragm - 2", 3-1/4" (Stainless Steel) Delivery CGA Inlet
+  Delrin® cap bushing for smooth Model No. Range Connection
adjustments VTS 450 D 540
+  External self reseating relief valve
Not designed to protect .
Delivery
downstream apparatus Range
(No relief valve is needed on VTS 460 Gas Service Model No. (PSIG) Part No.
and VTS 461 series regulators) Air, Oxygen, VTS 450 A-580 04 | 2-15 | 0781-3907
+  Sintered inlet filter Inert Gas VTS 450 B-540 2-40 0781-3904
VTS 450 B-5800a | 2-40 | 0781-3908
PERFORMANCE VTS 450 D880« | 5125 | 07813909
) 580 0s| 5- .
Ma>_(|mum Inlet ... 3000 PSIG VTS 450 D-590 os | 5-125 0781-3916
Delivery Range ..........ccccccvuenene. See chart VTS 450 E-346 10-200 0781-4014
VTS 450 E-540 [ 10-200 | 0781-3906
SPECIFICATIONS MATERIALS VTS 450 E-580 os | 10-200 | 0781-3913
BOdy ................................... Forged Brass Methane, VTS 452 B-350 2.40 0781-3959
Diaphragm.........cccccoeueuene. Stainless Steel Hydrogen VTS 452 D-350 5-125 | 0781-3963
Housing Cap.......cccceveene Forged Brass VTS 452 E-350 10-200 0781-3964
Inlet Filter........cccoovveennenene Bronze CO, & N,O VTS 453 D-320 0a | 5-125 0781-3974
. . VTS 460 A-300 2-15 0781-3983
NOTE: Regulators will deliver at Acetylene VTS 460 A-510 215 0781-3984
least the stated upper range VTS 461 B-510 240 | 0781-3993
and in some cases may exceed L.P.Gas VTS 461 D-510 | 5-125 | 0781-3994

the stated upper range.
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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)

0a=5/8"-18 (F) RH

os = 5/8”-18 (F) LH

Flow Chart: Section A, Page 41
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SR 700/Single Stage - Extra Heavy Duty

FLOW (SCFH) Inlet Pressure
(Air @ 70°F)

240 2000 PSIG
220 - = = = 200 PSIG

200
180 N
160 —I e
140 \ ~

Delivery Pressure (PSIG)

¥

A 20
Suggested 1000 3000 5000 7000 9000 11,000

120 d
]
60 \
| -
Operating

100 | N[
40
______ N \ \
Range FLOW (SCFH)
Reference: SR 700 Series - Section A, Page 6

SR 450/Single Stage - Heavy Duty

Inlet Pressure
FLOW (SCFH) (Air @ 70°F)
2000 PSIG
E 240 — = = — 200PSIG

220 o *E Range @ 250 PSIG
200 —

180 \ ~~
160

140 \ N
120 \ AN

N\ N

4 ™

100 [T \
80 \\

\ \

P B SR \
s = BT \

Suggested 1000 3000 5000 7000 9000 11000
Operating 2000 4000 6000 8000 10000

Range FLOW (SCFH)

Delivery Pressure (PSIG)

Reference: SR 450 Series - Section A, Page 8

VGS 450/Gaugeless Regulator - Heavy

Inlet Pressure

(Air @ 70°F)
2000 PSIG
FLOW DATA — — — = 200PSIG
100
G % [
@ 80
o
S 70
= N
3 60 I~
3 50 R
& 40 \ [~
> ~
§ 30 |-
2 20
[=] =
10 =<
AN
1000 2000 3000 4000 5000

FLOW (SCFH)
Reference: VGS 450 Series - Section A, Page 10

A THERMADYNE. Company

VTS 700/Two Stage - Extra Heavy Duty

Inlet Pressure

(Air @ 70°F)
2000 PSIG
FLOW (SCFH) — = = = 200 PSIG
240 *ZS((I) I;’Stlg @E Ra)nge
nie ressure,
E —_ 220 ** Indicates both
g 200 - 2000 PSIG to 200 PSIG
180 N
o
< 160 ~~ =
p > 140 *
@ 120 == \ \\\
2 \
a 100 N
z 80 S AN
o N[N
= 60 \ N\
[
o 40 \
s "2l [N [ [\
Suggested 1000 2000 3000 4000 5000 6000 7000 8000
Operating
Range FLOW (SCFH)

Reference: VTS 700 Series - Section A, Page 7

VTS 450/Two Stage - Heavy Duty

Inlet Pressure

FLOW (SCFH) (Air @;(?SE)PSIG
* 250 @ Range ( Inlet Pressure ) — — — — 200PSIG*
240
220
E G 200 |
g 180 ‘§\
> 160 -
p 3 140 N \\
g 120 = N
& 100 == :\\\ \
>
£ 80 N
, = 60 V]
a8 40 — -
A
_J___zo_ C—> N
Suggested 500 1000 1500 2000 2500 3000 3500 4000
Operating
Range FLOW (SCFH)

Reference: VTS 450 Series - Section A, Page 9

VGT 450/Gaugeless Two Stage Regulator

Heavy Duty
Inlet Pressure
(Air @ 70°F)
2000 PSIG
FLOW DATA = = = - 200PSIG
100
G 0L
@ 80
E; 70 |- =~ N
7z 60 == 4
g 50 (- ™ \
o
T 40
§ 30 \
>
$ 20
I [ e e
[~
500 1000 1500 2000
FLOW (SCFH)

Reference: VGT 450 Series - Section A, Page 10
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Terry Tope — 4.10.08
4.1b-1/10

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 %2 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 °F 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. Itis assumed that the LN2 vents as a room temperature gas.

T4 =101.6 K, saturation temperature of LN2 at 110% of 100 psig
D1=0.0127 m (0.5in.), ¢, = 0.1 (nDL)(T“ )

qradiation =
kar = 0.04031 W / m K 1+1‘82(D1)
g & \D,
L=3.81m (125 ft.), 6 =5.67x10° W/ m?*K*
Latent heat of LN, = 157 KJ/kg 2Lk, (T, - T,)
qwndmtion =
/2
D, =0.04272 m (1.682in.), e2 = 0.7 ln( D2/2)
T2 =922 K (1200 °F), vacuum jacket :
denS|ty Of a|r at STP = 007491 Ib/ft3 qtoml = Qradiation + CIconduCtion
3
SCEM., =g, - J 1 kg y 2.205 b 60 sec 1 S
sec latent heat J 1 kg 1 min denszty@STP b
Figure 1: Heat transfer equations for trapped volume relief sizing
The total heat input into the liquid nitrogen is
5.67 x 10'*%(:: x0.0127m x 3.81m)(101.6* - 922*)K* 27 x 3.81m x 0. 04031%(101 6-922)K 7
= m_- = -~
ot = 1 1-0.7( 0.0127m ) ¥ 0.04272m = 1267W = 1267 -
0 0.7 10.04272m In 2
0.0127m
2

If the density of air is assumed to equal that of nitrogen, then the volumetric flow rate is

3
SCFM,, =1267L 1 kg 2.205 Ib 60 sec 1 ft 14.24]‘4.
sec 156966 J 1 kg 1 min 007491 b min
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Terry Tope — 4.10.08
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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 %z 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

w

5.67x10" — (7 x0.0127m x 6.096m)(101.6* ~922*)K* 27 x6.096m x0.04031-——_(101.6 - 922)K 7
Qs = m K + m-K =2028W =2028——.
o b, 1-0.7( 0.0127m ) 0.04272m sec
0.1 0.7 \0.04272m In 2
0.0127m
2

If the density of air is assumed to equal that of nitrogen, then the volumetric flow rate is

3 3
SCFM,, 2028 51 k8 220506 60sec 1 T, 9.1
sec 156966 J 1 kg 1 min 0.07491 b min

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

T4 =139.8 K, saturation temperature of LAr at 110% of 400 psig
D1=0.009525 m (0.375in.), e1 = 0.1 o(nD]L)(T]“— T;‘)

radiation
Keir = 0.04153 W / m K 1+1‘82(D1)
& & \D,
L =3.05m (10 ft.), 0 = 5.67x10° W/ m* K*

Latent heat of LAr = 85.2 KJ/kg 2k, (T, -T,)
qconduction =—F

D, = 0.03632 m (1.43 in.), £2 = 0.7 | 222

2 . . .), €2 . Dl 2

T2 =922 K (1200 °F), vacuum jacket

qtoml - Qradiation + CIconduCtion

Figure 2: Heat transfer equations for trapped volume relief sizing for P&Y22(8- Awpr2008

£ m



Terry Tope — 4.10.08
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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

5.67x10" V' (7x0.009525m x 3.048m)(139.8° ~922' )K" 27 x 3.048m x0.04153 " (139.8-922)K y
Gt = m K + m-K _834W =834,
ot 0,107 (0.009525}11) 0.03632m soc
01" 07 \003632m W2
0.009525m
2

The argon mass flow rate, Wy, must be converted into an equivalent volumetric flow rate for Air to compare to the
manufacturer’s tabulated relief valve capacity.

W= o X =834 T L k8, 220510 3600sec oo, 16
latent heat,, sec 85166 J 1 kg 1 hr hr

ASME Section VIl Appendix 11 contains a method to convert relief valve capacity from one vapor to another that utilizes
the following equations for this case

W, =C, (KAP) \/M—T and W,, =C,, (KAP) My where
TAr TAir

Wy, = mass flow rate of argon, 77.74 Ib/hr

W.ir = 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

M, = molecular weight of argon, 39.9

M, = molecular weight of air, 28.9

T4 = temperature of argon being relieved, 520 °R.

Tair = temperature of air being relieved, 520 °R.

Solving for KAP yields (KAP) = W = 7774 =0.7424. The equivalent mass flow rate of air is
M, 39.9
C, 378, ———
T, 520
28.9 b : ,
then computedas W,, = 356(0.7424) 20 " 62.31h—. To convert the air mass flow rate into SCFM, the mass flow
r

rate is divided by the density of air at STP.
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3 3
6231 L hr 1 J7_ 386t

SCFM . = - —
1  hr 60 min0.07491 [b 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, W,,, 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.

W, =q x— 1000  x_1 k822051 3600sec o5, I
latent heat,, sec 85166 J 1 kg 1 hr hr

W, 93.21

c. \/Mm 3781399

=0.8902. The equivalent mass flow rate of air is

Solving for KAP yields (KAP) =

T, 520

then computed as W, = 356(0.8902) % = 74.71&. To convert the air mass flow rate into SCFM, the mass flow

hr

rate is divided by the density of air at STP.

3 3
scrm, <AV L hr 1 e St
1 hr 60min0.07491 b 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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T4 =139.8 K, saturation temperature of LAr at 110% of 400 psig
D1=0.009525 m (0.375in.), e1 = 0.1 o(nD]L)(T]“— T;‘)

radiation
Keir = 0.04153 W / m K 1, 1‘82(1)1)
g & \D,
L =3.658 m (12 ft.), 0 = 5.67x10° W/ m? K*

Latent heat of LAr = 85.2 KJ/kg 2alk,, (T, - T,)
qconduction == 7 N

D, =0.1016 m (4.0 in.), £2 = 0.7 | 222

2 . . .), €2 . Dl 2

T2 =922 K (1200 °F), vacuum jacket

qtoml - Qradiation + CIconduCtion

Figure 3: Heat transfer equations for trapped volume relief sizing for PSV-249-Ar

The heat input due to fire is

5.67x10" — (7 x0.009525m x 3.658m)(139.8* - 922* )K* an3.658mx0.04153L(139.8—922)K ;
G = m’-K + m-K =T762W =762 .
1 +1—0.7(0.009525m) 0.1016m sec
0.1 07 \ 0.1016m In 2
0.009525m
2

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,
W, 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.

W, =q x— _ogipt 1 ks 22051b 3600sec o530
latent heat,, sec 85166 J 1 kg 1 hr hr
Solving for KAP yields (KAP) = Wy _ 18753 _ 1.791. The equivalent mass flow rate of air is
M, 39.9
C, 378
T, 520
28.9 b : ,
then computed as W, = 356(1.791) 20 - 150.31h—. To convert the air mass flow rate into SCFM, the mass flow
r

rate is divided by the density of air at STP.

3 3
scey, 03U L L o
1 hr 60 min0.07491 [b 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.
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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

5.67x10% V' (7x0.009525m x 3.048m)(139.8° ~922' )K" 2 x 3.048m x 0.04153 " (139.8-922)K p
Gt = m K + m-K —635W = 635-_.
0,107 (0.009525m) 0.1016m soc
01" 07 \ 0.1016m W2
0.009525m
2

The argon mass flow rate, W,,, 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.

W, —q. x 1 _ 635L 1 kg 2.205 lb 3600 sec _59. 19&
latent heat,, sec 85166 J 1 kg 1 hr hr
Solving for KAP yields (KAP) = W = 5919 =(0.565. The equivalent mass flow rate of air is
M, 39.9
C, 378, ——
" 520

then computed as W, = 356(0. 565)#25823 47. 422—[? To convert the air mass flow rate into SCFM, the mass flow
r

rate is divided by the density of air at STP.

3
scrm,, = T4 L b 17y 55 S
1 hr 60 min0.07491 ib 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, Wy, 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.

Wy =y =1750 L x L _*8,2205 b 3600 sec g5 1 10

latent heat,, sec 85166 J 1 kg 1 hr hr
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Solving for KAP yields (KAP) = Wy 16311 1.558. The equivalent mass flow rate of air is
M, 39.9
C,, 3784
T, 520
28.9 b : ,

then computed as W, = 356(1.558) e 130.76h—. To convert the air mass flow rate into SCFM, the mass flow

r

rate is divided by the density of air at STP.

3 3
13076 b 1 hr 1 fi =29.09f;.

SCFM,, = = L
1 hr’ 60min0.07491 Ib 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 %2 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:

Qa = FG”AO.SZ
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.
G, = Gas factor for an uninsulated container, = 59.0 at 100 psig (conservative, it would be lower at 80 psig).
A = Qutside surface area of relief volume, = 27 0.84in Lf1.17ft=0.257 fte.

12in
The required relief capacity is then
0.82 ﬁ3
0, =(1.0)(59)0.257"% =19.4 ——.
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 %2 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:

Qa = FGUAO.SZ
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.
G, = Gas factor for an uninsulated container, = 59.0 at 100 psig (conservative, it would be lower at 80 psig).
A = Qutside surface area of relief volume, = 27 0.84in Lf1.17ft=0.257 fte.

2 12in
The required relief capacity is then
ﬁ3
0, =(1.0)(59)0.257"* =19.4 ~——.
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 2" 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:

Qa = FGUAO.SZ
where
Q = 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.
Gy = Gas factor for an uninsulated container, = 75.5 at 250 psig.
A = Qutside surface area of relief volume, = 27 0.84in Lf17.8ft =3.91 ft’.

2 12in

The required relief capacity is then

3
0, =(1.0)(75.5)3.91°% = 231f4.
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 %"
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:

Qa = FGUAO.SZ
where
Q, = 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.
Gy = Gas factor for an uninsulated container, = 75.5 at 250 psig.
A = Qutside surface area of relief volume, = 27 1.9§)in lgjn 5 ft=2.49 ft*.

The required relief capacity is then

3
0, =(1.0)(75.5)2.49%% = 1607
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 in”. 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 Ib/gal.
Thus the required relief area is 0.00024 x 32 x 8.34 = 0.064 in>. 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. Firstitis 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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3 .
40 It N 60min 9 0.074911b _ 179.78&.

ar min  hr 1t 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.

w,, 179.78

Solving for KAP yields (KAP) = = =2.14. The equivalent mass flow rate of saturated argon
M,, 28.9
Coa| 2 3564 ——
T,, 520
. 39.9 b ,
vapor is then computed as W, = 378(2.14) m = 391.7h— where the temperature used is that of saturated argon
. r

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

3 3 3
Argon ' —ao1 7 LA 1S g5 ST
min hr 60 min 0.688 [b 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& « 67.67Btu N 1055.06J y 1hr _ 7869i _ 7869 W |
hr b 1Btu 3600sec sec
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. 31%' 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

Qa = FGiUAO.SZ

where:

U= Overall heat transfer coefficient to the liquid, A .
hr- ft*-°F

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 10° torr, indicating the vacuum has been spoiled, the apparent thermal conductivity of
the perlite is 43.3 mW m™ K" which converts to 0.0250 Btu ft' hr' °F". The over heat
transfer coefficient is then the thermal conductivity of the insulation divided by its
thickness or

0.0250Bmu 1 0.03 Btu

=0034 ——.
ft-hr°F 0.73ft hr- ft*-°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 (D)) and 128 in. long (OL)) while the outer vessel is 84 inches in diameter (D,)
and 168 inches long (OL)).

(OL,+0.3D,)x D, x 3.1416 + (OL, +03D,) x D, x 3.1416 _ (128 +0.3(66)) x 66 x 3.1416 + (168 +0.3(84)) x 84 x 3.1416 40815 in” = 283 7

2 2
Gi= Gas factor for insulated containers.
Q.= Flow capacity required at applicable flow rating pressure and 60 °F in cubic feet per

minute of free air.

Page 242 of 299 5/16/2008



Terry Tope - 3.20.07
4.1c-2/7

To calculate the initial estimate of the relief capacity needed, a gas factor, G;, must be found.
From Table 1 in CGA S-1.3 finds G;to be 10.2 at 100 psig. This G; value is conservative
for the 75 psig reliefs.

The uncorrected volumetric flow rate was found to be

3

Q. =1.0-10.2-0.034-283"% = 35.5]i, of free air.

min
w = Ll M
1835V ZT

3

The mass flow rate is computed using

where

of free air.

Q.. = calculated flow capacity with F=1.0 in

min

b
= Required mass flow rate of lading thru the pressure relief device in h—”’ .
r

C= Constant for vapor related to ratio of specific heats (k=C,/C,) at standard conditions. k =
1.410 for Nitrogen at 60 °F and 14.696 psia which corresponds to C = 356.

M= Molecular weight of gas, 28.097.
T= Flow rating temperature, 176.6 °R. (This is the saturation temperature at the flow rating

pressure. The flow rating pressure is 110% of the relief valve set pressure. Itis 1.1 x (75
+14.7) = 98.67 psia.)

Z= Compressibility factor for saturated vapor at 98.67 psia.

P 98.67(0.5724)144

7= z- ( J144 _ 08375,
RT, 1545 (176 6)
28.097
T= Flow rating temperature, 176.6 °R.
M= Molecular weight of gas, 28.097.
R= Ideal Gas constant
. : . S

v= specific volume, saturated vapor at flow rating pressure of 98.67 psia, 0.5724 l_ .

m

The mass flow rate was found to be, W = 355 3561/ 28.097 = 300.2”’—’”.
18.35 0.8375-176.6 hr
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To calculate the temperature at the inlet of the relief device,
2145-T, ,
]; = 2145 By (CGA S-1.3 Section 5.1 4)
e WwCp
was used where
Ti= Temperature at the inlet to the pressure relief device during full flow conditions, °R.
Ts= Saturation temperature at flow rating pressure, 176.6 °R.
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.
b
W= Required mass flow rate of lading thru the pressure relief device, 300.2 h—’” .
r
C,= Average specific heat at constant pressure of lading between T, and 590 °R,
Btu
0.26 )
Ibm°F
The inlet temperature to the relief device is then
2145-176.6 v
T, =2145- 524(2375)10 1745°R.
300.2(0.26)
e
The pressure at the inlet of the relief device is calculated using
o fIW v
P =P-336x10"° fT (CGA S-1.3 Section 5.1.4)
where
P = Pressure at the inlet of the pressure relief device.
= Flow rating pressure, 98.67 psia.
f= Friction factor based on Crane Technical Paper No. 410, f = 0.019.
(= Equivalent length of pipe based on Bruce Squire’s calculations
5 0.394(2.157°
K4 =O.394:>K=O.394d4,L=K—d=>L=0'394d =L = ( )=968in=81ft
d f f 0.019

W= Required mass flow rate, 300.2 h—”’ )
r
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v= Specific volume of the fluid being relieved, at the flow rating pressure (98.67 psia) and
t3
the average temperature between T; (1745 °R) and T (176.6 °R), 3.741 lfb_ :
d= Pipe diameter, 2.157 inches.
The inlet pressure to the relief valve is then
0.019(81)300.2%3.741 ,
P, =98.67-3.36x10"° (81) - =98.63psia.
2.157
The correction factor that accounts for line pressure drop and temperature rise is
PV
F=_ |2
Pv
where
= The correction factor.
P = Pressure at the inlet of the pressure relief device, 98.63 psia.
= Flow rating pressure, 98.67 psia.
V= Specific volume of the fluid being relieved at the inlet of the pressure relief
t3
device,6.794f—.
b,
v= Specific volume of the fluid being relieved at the flow rating pressure and temperature,
t3
0.5724f— )
b

m

The correction factor F was found to be

_ |(8.63)6794 .
\(98.67)0.5724

Referring back to the beginning of this document, the corrected relief capacity required is

3
0, = 3.44(10.2).0.034(283)0'82 =122L of free air for the fire condition. Each relief
min

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

o JIW?y

d5

AP =3.36x10"

where
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P = Pressure at the inlet of the pressure relief device, 14.7 psia for the assumption that the
relief valve discharges to atmosphere.

AP = Pressure drop across relief valve, psi.
f= Friction factor based on Crane Technical Paper No. 410, f = 0.019.
(= Equivalent length of pipe for one elbow and 22 inches of straight pipe
L .
fB =30f, = L,,,, =30D, L,,, =30D+22=30(2.157) +22 =87in = 7.25 ft.

W= Required mass flow rate, 300.2 —* .

hr
v= Specific volume of the fluid being relieved, at the flow rating pressure (14.7 psia) and the
t3
fire temperature of T; (1745 °R), 45.49 lfb_ :
d= Pipe diameter, 2.157 inches.
0.019(7.25)300.2%(45.49
3.36x10 ( 2)1575 ( ). 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 APl recommendations. For Gas
flow under sonic conditions the API recommends:

VNZTM

" 6.32CKPK,

= Required effective discharge area, in’.

= Required flow thru valve, 122 SCFM (for fire relief).

= Temperature, 1745 °R at flowing conditions (for fire relief).
= Compressibility factor at flowing conditions (for fire relief),

Py 98.67(6.791)144
=— = =1.0.
RT, 1545 (1745)
28.097
= Coefficient based on specific heats, C = 356.
K= Effective coefficient of discharge, K = 0.816 for the Anderson Greenwood reliefs.
K, =  Capacity correction factor due to back pressure, K, = 1.0 as it was previously shown that
the exhaust back pressure is minimal.

P, = Upstream pressure, 98.67 psia.
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122,/1.0(1745)28
(1745) =0.149in’

~ 6.32(356)0.816(98.67)1.0

The relief valves have an effective flow area of 0.503 in” which is >> 0.036 in’, 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 Il section 2.4 suggests the following equation to calculate the reactive

force
kT
k+1
PG
366
where
= 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 Ibm hr' for the fire
condition.
k= ratio of specific heats, C,/C, which is 1.41 for nitrogen.
T= absolute temperature at inlet to relief valve, 1745 °R for the fire condition.
M= molecular weight of any gas or vapor. The molecular weight for Nitrogen is 28.01.

1.41(1745)

(1.41+1)28.01
F =300.2

=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 C, 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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0=C, AP62—'4 where
\ 0

Q= liquid flow rate in gallons per minute.

C,= flow coefficient for pressure building regulator, = 1.3.
AP = pressure difference across the regulator, = 2.33 psi.
p= density of liquid nitrogen at 75 psig, = 44.17 Ib/ft.

0= 1.31/2.33% = 2.36g—0,ll. This converts to SCFM nitrogen as
44.7 min

3 3 3
S8l U 4417 i 102 Ji

- X T X = —. This is less than the relief valve
min 7.48gal St 0.072471b min

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 (Ib. H,0))
The volume of the lab 6 dewar is 1850 gallons. The density of water is 62.38 Ib ft°. Thus the

required vacuum relief area is

= 3.70in>

3
0.00024 - 1850gal- —J1_. 62386
7.481gal  ft

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

T .
= —(3.0)2 =17.lin°
4
which is more than adequate.
References
Barrons, R. “Cryogenic System,” Oxford University Press.
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Incropera, |. and DeWitt, D., “Fundamentals of Heat and Mass Transfer,” John Wiley & Sons,
pages 482-516.
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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.

Figure 4.2.1: Luke flange.

Ignoring the numerous penetrations for the moment, the stress in the flat head can be calculated
from elastic plate theory as

2
o= O.3P(£) where
t

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
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d

o= O.3P(—)2 - 0.3(35)(

t

23.035

2
) = 2476 psi 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.
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Figure 4.2.2: Luke flange stress contours at 35 psid.

Figure 4.2.3 shows the deflection contours. The maximum deflection is 1.28 x 10 inches.
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Figure 4.2.3: Luke flange displacement contours at 35 psid.

Sixteen bolts hold the top flange to the mating cryostat flange. These % - 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=AxP-= %(23.0352)1',12 x1.1x35-2 _16,044.5 bs.

mn

Each bolt has a tensile stress area A; of 0.3345 in’. The stress in each bolt is then

16,044.5 Ibs

b
Opy =—— == =2998-—. The bolt stress due to the maximum pressure difference
A~ 03345 in in

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 A, for one screw thread is

A =mdw,p.
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The area factor w, for thread stripping shear area is 0.88 for UNS threads and the pitch p is 0.1
for 10 threads per inch.

A, =mx0.75inx0.88 x0.1in =0.2073 in’

The shear stress 75 for thread stripping in the brass nut is then

16,044.5 Ibs
F 16 b . —
T,=—=——_-———=4837-—. Thus the brass nut is only at 9% of its minimum strength.
A 02073 1in in

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

dY 7.128)° o
o=03P|—| = 0.3(35) 088 =689 psi which is far less than the ASME allowable stress
t .

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 ¥z inch OD 0.035 inch wall 304 type stainless steel tube.

The MAWP of this tubing can be calculated from ANSI/B31.1.

2SEt,
= —— where

- D,-2y,
SE = allowable stress, 18,800 psi for SS304, 6,000 psi for Cu.
tn = Minimum wall thickness allowed, = 92.5% {, for tubing.
t, = Nominal wall thickness, inches.
Do=  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

_ 2(18800)0.925(0.035)
©0.375-2(0.4)0.925(0.035)

= 3487 psi.

For the 1/2 inch OD stainless steel tubing, the maximum allowable working pressure is
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_ 2(18800)0.925(0.035)
"~ 0.500 -2(0.4)0.925(0.035)

= 2568 psi.

For the copper tubing, the maximum allowable working pressure is

_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

~ 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

2
d
o= O.3OOP(—) where the 0.300 factor comes from ASME Fig. UG-34 Figure K and

t
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.

2
The stress in the conflat is then O = 0.300(400)(%) = 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, A;, is 0.0581 in®.
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The force applied to the 8 bolts is the pressure multiplied by the area which is

40022 %3.0521';12 =2922 Ib.

mn

The tensile stress in the bolt, g;, is the force F divided by the tensile stress area A

2922
F —1b
o,=—-= 8—2 = 6286-— . Thus the bolt stress due to the pressure applied to the flange
A 0.0581in in

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.

Terry Tope - 9/18/06
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B 0D, 0035 wall thicknoss, SS 304 tubo

400 peig internal pressure loading

Tube fixed 1o atiff outer vacuum jacket at #points
Model includes thermal shrinkage from 300 K to 80 K
(Tube OD is exaggerated in plot relative to its length)

Figure 4.2.4: Argon fill manifold stress contours.
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Liguid Nitrogen Piping
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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

_ 2(18800)0.925(0.035)
"~ 0.500 -2(0.4)0.925(0.035)

= 2568 psi 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 P =P =(L)ZS—E and Z = 3.4—ﬂ where
SE d) ZC D
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—L(6)=1.496, P=( =8.3psi.

[+

The maximum pressure this valve housing should see is 8.3 psid internal based on the large flat
section.

0.125)2 (18800)0.5
6.0 | 1.496(0.33)

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=34-

2
2.4(1.125)=3 9 =(0.125) (18800)0.5=110psi

(13) 1.125) 3.19(0.33)

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

0.5\ (10500)0.5 — _ .
=|—| —————=="73.9psi. This exceeds the 35 psig relief valve set point. MV-254-V

6.0) 1.496(0.33)

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

2SEt

m

= —Do "oyt where

SE= allowable stress, 18,800 psi for SS304.

tn = Minimum wall thickness allowed, = 92.5% {, for tubing.
t, = Nominal wall thickness, 0.109 inches.

Do=  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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_ 2(18800)0.925(0.109)
~6.0-2(0.4)0.925(0.109)

= 640 psi 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

2 2
o= 0.188P(£) = 0.188(90)(%) = 4331psi which is far less than the 18,800 psi
t .

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.

2SEt,
= —— where

- D,-2y,
SE = allowable stress, 18,000 psi for 304 SS.
tn = Minimum wall thickness allowed, = 92.5% {, for tubing.
t, = Nominal wall thickness, 0.109 nches.
Do=  Outside diameter of pipe, = 2.375 inches.
Y= Coefficient equal to 0.4.

For the SS tubing, the maximum allowable working pressure is

_ 2(18800)0.925(0.109)
© 2.375-2(0.4)0.925(0.109)

= 1652 psi 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.

2SEt

m

=——" where
D, -2yt

SE = allowable stress, 18,000 psi for SS 304.
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tn = Minimum wall thickness allowed, = 92.5% {, for tubing.
t, = Nominal wall thickness, 0.065 nches.

Do=  Outside diameter of pipe, = 0.675 inches.

Y= Coefficient equal to 0.4.

For the smaller SS tubing, the maximum allowable working pressure is

_ 2(18000)0.925(0.065)
~0.675-2(0.4)0.925(0.065)

= 3606 psi 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

d\’ 2375\ N .
o=0.188P 7 = 0.188(35) 0125 = 2375 psi 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 D, / t is calculated where D, is the pipe outside diameter of 2.375 inches and t is the wall
thickness of 0.109 inches. D,/t=2.375/0.109 = 21.8.

Because Do / tis greater than 4, calculate L / D, 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 Il Part D and
locate the value for Factor A. WithaL/D,=5.5and D,/ t=21.8, Factor A =0.003.

From Figure HA-1 in Section Il Part D, Factor B is 12,500 based on Factor A equal to 0.003 and
the 100 °F modulus curve.

Because D, / tis greater than 10, the maximum allowable external pressure is calculated using

4B 4x12,500 .
P= = =765 psi. The condenser argon space can handle the external
,D, ;2375
t 0.109

pressure because 765 psi >> 90 psi. The smaller diameter 3/8 inch pipe with its smaller D, / 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.

Figure 4.2.5: Material lock sightglass.

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 10" edition of Mark’s Standard Handbook for Mechanical Engineers
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2
5y -k
where
Sum = 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

2 2
R 124 20X 32087 3 ;2268 = 3,424 psi.

t2

S, =k

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 2" 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 Iength. The Schott North America
Maxos brochure quotes a modulus of elasticity of 67 x 10° N/mm” which converts to 9.73 x 10°

psi.

The thermal shock stress is then (57 - 2.8) x 10°x 9.73 x 10° 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 ft> / 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.
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Location of sight glass
Glass temperature
rating is -200 to +280 C
Lexan window not
shown

Where sight glass flange
mates to 8 inch conflat cross
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Bellows with internal
support rod.

Air lock chamber. This is
where material basket
resides when it is withdrawn
from cryostat.

Large gate valve
MV-254-V
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Weld Neck Sightglass Fittings Series MV

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
TA Diagram for individual temperature rating
depending on material selection
280
[0 -
2501 § C - 4400
200 @
= Silicone
o
150 GE) m PTFE
100 5 Viton
80 -
3 Buna
o
(%)
Glass Seal

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)
ltems 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".

- lumiglas

ISO 9001

DATA SHEET 02-0040 12/03

Complete screwed sightglass fitting series MV

Exploded view of an MV series screwed sightglass fitting
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Dimensions of Screwed Sightglass Fittings

L
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item 1 slotted cover nut
item 2 flat gasket

item 3 sightglass disc
item 4 O-ring seal

item 5 weld neck nozzle
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All dimensions in mm unless stated otherwise. Subject to change without prior notice
Size DN 50 DN 65 DN 80 DN 100 DN 125 DN 150
Nominal bore DN 50 65 80 100 125 150
Viewing diameter di* | 50(1.97") | 65(2.56") | 80(3.15") | 100 (3.94") |125(4.92") | 150 (5.91")
d2 63 80 94 113 142 166
Sightglass discs
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")
Fittings
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
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
IS0 9001 QA CERTIFICATE -1
GERMAN MANUFACTURER: ,r’”?:"_'w::"*{\,
FH. PAPENMEIER AWARDED QA APPROVAL CERTIFICATE \“-'-@ = Eg'? b

PO Box 1116 ® Twinsburg, OH 44087 e (330) 405-3040 e Fax 405-3070

INCORPORATED

E-mail: view@ljstar.com ® Website: www.ljs
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MAXOS®

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®.
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Long form level gauge glasses,
reflex and transparent

Technical characteristics

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

All leading OEM"s are using MAXOS®.

Long form level gauge glasses,
reflex and transparent.

]

oV
o

Bending strength (typical values)

Standard level gauge glasses

> 150 N/mm? 21,000 psi
Average
170 N/mm? 25,000 psi

High pressure level gauge glasses

> 180 N/mm? 26,000 psi
Average
200 N/mm?2 29,000 psi

Surface compressive stress

Standard level gauge glasses

= 90 N/mm?2 13,000 psi
Average
100 N/mm? 14,500 psi

High pressure level gauge glasses

> 100 N/mm?2 14,500 psi
Average

110 N/mm? 16,000 psi
Parallelism

Standard level gauge glasses
< 0.08 mm 0.003 inches

High pressure level gauge glasses
< 0.05 mm 0.002 inches

MAXOS® — a registered trademark
of SCHOTT Glas
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MAXOS®

Long form level gauge glasses,
reflex and transparent

Technical characteristics

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

transparent

Pressure psi and bar
|

100 °F 188°F 275°F 363 °F 450°F 538 °F
38°C 87°C 135°C 184°C 232°C 281°C

Temperature in C and F

Pressure temperature graph for MAXOS® glasses.
Range of application with no technically significant
glass attack.

Special tempered MAXOS® glasses
under polarized light.

Application conditions

Saturated steam or hot water in direct contact
with reflex or transparent sight glasses

Saturated steam or hot water in contact with
transparent sight glasses protected with mica

Non-corrosive, non-steam service and no

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.

Maximum permissible Maximum permissible

bar

35

103

technically significant glass attack, with reflex or

transparent glasses

280

Transparent sight glasses in contact with medias

with no technically significant glass attack

High pressure transparent sight glasses
in special armatures (gauges)

345

414

pressure

psi

500

1,500

4,000

5,000

6,000
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Reflex type glass Transparent type glass
(R form) (T form)

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 A T 265 K
Max. permissible temperature 300 °C 572 °F

Protected with mica 320 °C 608 °F

Available sizes

Special design for REFLEX and TRANSPARENT on request:
e.g. 21 mm thickness.

Size

© 0O N O g »~ W N P O

[y
o

11

Toleran-
ces*)

*) Inch dimensions are only valid for SCHOTT USA Specification.

Size

0 N O 0 b W NP

9

Toleran-
ces

Length

mm inch*)
95 3.740
115 4.500
140 5.500
165 6.500
190 7.500
220 8.625
250 9.874
280 11.000
320 12.625
340 13.374

370 -

400 -

+0 +0
-15 -0.039

up to 250 =0.8
above 250 = 1.0

Length

mm

115
140
165
190
220
250
280
320
340

max. flatness tolerance

Dimensions
Width Thickness Standard
mm inch*) mm inch*) mm  inch¥)
34 1.339 17.5 0.689 0.05 0.002
34 1.339 17.5 0.689 0.05 0.002
34 1.339 17.5 0.689 0.05 0.002
34 1.339 17.5 0.689 0.05 0.002
34 1.339 17.5 0.689 0.08 0.003
34 1.339 17.5 0.689 0.08 0.003
34 1.339 17.5 0.689 0.13  0.005
34 1.339 17.5 0.689 0.13  0.005
34 1.339 17.5 0.689 0.13 0.005
34 1.339 17.5 0.689 0.13  0.005
34 - 17.5 - 0.13 -
34 - 17.5 - 0.13 -
+0.2 +0.008 +0 +0
-0.8 -0.039 -1.0 -0.028
Dimensions

Width Thickness

mm mm

30 17.5

30 17.5

30 17.5

30 17.5

30 17.5

30 17.5

30 17.5

30 17.5

30 17.5

+0.5 +0

-0.8 -1.0

High pressure

mm

0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05

High pressu
effective onl
transparent

max.
flatnes:

inch*)
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002

re is

ly for
glasses.

5]

tolerance

mm

0.05
0.05
0.05
0.05
0.08
0.08
0.13
0.13
0.13
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MAXOS®

Physical and chemical
characteristics

Glass Type SUPRAX® 8488

Coefficient of expansion

a 20 °C/300 °C

4.3x 106K

Transformation temperature 540 °C

Glass temperature for the
viscosities dPas (Poise)

Density at 25 °C

Chemical
characteristics

Test acc. to
max. abrasion
acc. to DIN ISO

MAXOS®

max. abrasion

MAXOS®

1013.0
1076
1040

553 °C
808 °C
1200 °C

2.31g/cm?®

Hydrolytic
resistance
DIN ISO 719
0.1

0.050

HGB 1

Modulus of elasticity 67 x 103N/mm?

Poisson’‘s ratio u 0.20
Thermal conductivity

A at90 °C 12 M
Refractive index nd 1.484

(A =587.6 nm)

Photoelastic

parameter K 3.2 x 107 mm?%/N

Acid Alkali
resistance resistance
DIN ISO 1776 DIN ISO 695
<100 ug Na,O >75-175 mg

each 100 cm? each 100 cm?

<100 mg
each 100 cm?

<40 ug Na,O
each 100 cm?

- class A2

Disc sight glasses

Technical characteristics

Dimensional tolerances (DIN 7080)

Diameter

up to 135 mm
150 to 200 mm
above 200 mm

Thickness
up to 20 mm
above 20 mm

+ 0.5 mm
+ 0.8 mm
+1.0 mm

+0.50 mm /- 0.25 mm
+0.80 mm /- 0.40 mm

Bending strength
Surface compressive stress
Parallelism

Flatness

Thermal shock resistance A T
Max. permissible temperature
Protected with mica

4 Abrasion in mm/month

» OO
}
[T

[ 1240 °c)

|
i

51200 °C)
=1
L= 1
(170 °C)

0.1 {(100 °C)
.

L] ph

85 9 10 11 12

The abrasion of MAXOS® glass in watery phase
for several temperatures as a function of the
ph-value.

= 160 N/mm? 23,000 psi

> 100-140 N/mm? 14,500-20,000 psi

< 0.20 mm 0.008 inches

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

265 K
300 °C 572 °F
320 °C 608 °F
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All MAXOS® glasses are marked with a
production code number.

Calculation of the glass thickness
(acc. to DIN 7080)

Sight glass edge Edges beleved
ISealing /
70 I ( %
/] p— 7 e W
T
1
] 17
| dp .|
I |
I dy I

s=0.55-

d /= PS
m V10 - op, zul.

Theoretical minimum glass thickness
in mm

d; +d, Mean sealing diameter
2 in mm

Glass and sealing outside diameter
inmm

Sealing inside diameter in mm
Permissible pressure in bar

Min. value of surface compressive
stress in N/mm?

Safety factor =5

Available size

Special dimensional design on request, e.g. @ min. 30 — max. 265 mm and

thickness min. 10 - max. 30 mm.

Dimensions
dixs
(mm)

30x 15
31.6 x 12.75
34 x 17
35x 7
40 x 10
40 x 12
45 x 10
45 x 12
50 x 10
50 x 12
55 x 10
60 x 10
60 x 12
60 x 15
60 x 20
63x 8
63 x 10
63 x 12
63 x 15
65 x 10
65 x 15
70 x 12
70 x 15
75 x 12
80 x 10
80 x 12
80 x 15
80 x 20
90 x 10
92 x 10
95 x 10
95 x 15
100 x 10
100 x 12
100 x 15
100 x 20
100 x 25
113 x 15
115 x 15
120 x 15
125 x 15
125 x 20
125 x 25
125 x 30
130 x 15
135 x 25
150 x 10
150 x 15
150 x 20
150 x 25
150 x 30
175 x 20
175 x 25
175 x 30
200 x 20
200 x 25
200 x 30
250 x 20
250 x 25
250 x 30
265 x 30

Inspection
aperture
dy (mm)

20
20
24
25
30
30
32
32
35
35
40
45
45
45
45
48
48
48
48
50
50
55
55
60
65
65
65
65
70
72
75
75
80
80
80
80
80
88
90
95

100

100

100

100

105

110

125

125

125

125

125

150

150

150

175

175

175

225

225

225

240

Permissible
pressure
in bar

200
150
200
25
40
50
40
50
25
40
25
16
25
40
95
8
16
25
40
12
40
16
25
16
10
16
25
40
8
8
6
16
7
10
16
25
40
10
10
10
10
16
25
40
10
25
2
8
10
16
25
10
16
25
8
10
16
4
8
10
8

Dimensions
dixs
(inch)

1.181 x 0.591
1.244 x 0.502
1.339 x 0.669
1.378 x 0.276
1.575 x 0.394
1.575x 0.472
1.772 x 0.394
1.772 x 0.472
1.969 x 0.394
1.969 x 0.472
2.165 x 0.394
2.362 x 0.394
2.362 x 0.472
2.362 x 0.591
2.362 x 0.787
2.480 x 0.315
2.480 x 0.394
2.480 x 0.472
2.480 x 0.591
2.559 x 0.394
2.559 x 0.591
2.756 x 0.472
2.756 x 0.591
2.953 x 0.472
3.150 x 0.394
3.150 x 0.472
3.150 x 0.591
3.150 x 0.787
3.543 x 0.394
3.622 x 0.394
3.740 x 0.394
3.740 x 0.591
3.937 x 0.394
3.937 x 0.472
3.937 x 0.591
3.937 x 0.787
3.937 x 0.984
4.449 x 0.591
4.528 x 0.591
4.724 x 0.591
4.921 x 0.591
4.921 x 0.787
4.921 x 0.984
4.921 x 1.181
5.118 x 0.591
5.315 x 0.984
5.906 x 0.394
5.906 x 0.591
5.906 x 0.787
5.906 x 0.984
5.906 x 1.181
6.890 x 0.787
6.890 x 0.984
6.890 x 1.181
7.874 x 0.787
7.874 x 0.984
7.874 x1.181
9.843 x 0.787
9.843 x 0.984
9.843 x 1.181
10.433 x 1.181

Inspection
aperture
d; (inch)

0.787
0.787
0.945
0.984
1.181
1.181
1.260
1.260
1.378
1.378
L5715
1.772
1.772
1.772
1.772
1.890
1.890
1.890
1.890
1.969
1.969
2.165
2.165
2.362
22550
2.559
2.559
2.559
2.756
2.835
2.953
2.953
3.150
3.150
3.150
3.150
3.150
3.465
3.543
3.740
3.937
3.937
3.937
3.937
4.134
4.331
4.921
4.921
4.921
4.921
4.921
5.906
5.906
5.906
6.890
6.890
6.890
8.858
8.858
8.858
9.449

Permissi

ble

pressure

in psi

2900
2175
2900
363
580
725
580
725
363
580
363
232
363
580
1377
116
232
363
580
174
580
232
363
232
145
232
363
580
116
116
87
232
101
145
232
363
580
145
145
145
145
232
363
580
145
363
29
116
145
232
363
145
232
363
116
145
232
58
116
145
116
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M
:
Table 7.18. Unit thermal expansion for several solids {Corruccini and Gniewek 1961). E
T
g =AL/L = L A, dT: multiply the numbers in the table by 107* 'IN'
1
Temperature  Beryllium 1020 304 Yellow Pyrex
(K) Copper Aluminum  Steel  Stainless Monel Invar Brass Plexiglass Teflon Glass Nylon  Polystyrene
0 0 0 0 0 0 0 0 0 0 0 0 0
20 0 0 0 0 0 0 1 15 30 -1.0 10 28
40 1 2 I 0 1 0 4 60 80 -20 37 a4
50 3 5 2 2 3 0 9 B3 109 -9 58 118
60 7 10 4 5 6 0 16 110 140 =15 8l 156
70 12 16 T il 10 1 24 136 176 —0.6 110 196
80 20 24 10 17 15 2 34 170 210 +1.0 142 242
90 29 34 15 25 21 3 45 196 250 28 177 286
100 39 45 20 is 28 5 58 230 290 4.5 217 339
120 61 72 iz 35 45 9 85 290 380 8.5 kL] 445
140 85 103 47 78 64 13 115 360 480 13.0 393 558
160 110 138 64 103 84 18 147 440 600 17.5 493 676
180 137 175 82 129 17 23 180 530 740 225 600 798
200 165 214 1m 157 130 29 215 630 900 271.5 716 924
250 242 318 155 229 193 41 304 915 1390 41.7 1050 1250
300 329 431 210 307 261 54 397 1275 1600 57.0 14350 1601

L0y
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CRYOGENIC
ENGINEERING

by
RUSSELL B. SCOTT

Chief, National Bureau of Standards
Cryogenic Engineering Laboratory

PREPARED FOR THE ATOMIC ENERGY COMMISSION
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326 CRYOGENIC ENGINEERING

ToBLE 10.1. MECHANICAL PROPERTIES OF PLASTICS

Ultimate Compressive

Tensile Yield Young's

Temp., Strength, Strength, Modulus,

Plastic K psi X 10 psi X 107 psi X 107
Teflon® 295 2. — .06
{ Polytetrafluoroethylene) 195 3.5 — 26
153 8. 9. o4
' 15. 18.5 T4
20 — 25. -
4 == 7. 1.0#
Kel-F¥® 293 6.3 — 26
{ Polytrifluoromone- 198 14.0 - b2
chloroethylene) 7 16.2 — B4
4 — 44, —
Polyethylene 300 1.3 — 02
4 —_ 23. —
Polyvinylchloride 293 r i — S52
198 17.4 —_ 29
(i 19.7 — 1.11
Nylon 203 9.5 — 43
198 20.1 - 56
153 243 —_ 15
7 279 - 1.10
Mylar® 300 21.0 — 1.01
(Polyethyleneterephthalate) 195 27. — 1.18
7 31. —_ 1.85

* Compresasion data by Swenson [9]. All other values were measured in tension and are
from [10] and [11].

Plastics reinforced with Fiberglas® show very good low-temperature prop-
erties. The ultimate strength parallel to the fibers increases at low tempera-
tures and the modulus is approximately constant. Reinforcement also im-
proves resistance to temperature shock.

10.5. Glass. At room temperature glass exhibits a peculiar kind of fatigue;
that is, when subjected to a sufficiently severe load it will endure for a time
(sometimes for hours or days) and then it will fail. It has been found also
that the fatigue strength is reduced by the presence of atmospheric water
vapor and microscopic surface defects [12] [13]. Another aspect of this
same phenomenon is the dependence of strength upon the rate of application
of the load. Kropschot and Mikesell [14] have made measurements on 2
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LOW-TEMPERATURE PROPERTIES OF STRUCTURAL MATERIALS 327

borosilicate glass down to 20°K with various constant rates of loading. Table
102 is a summary of their results.

TABLE 10.2. BREAKING STRESS OF A BOROSILICATE GLASS (BSC-2, corRNmNag 8370)

Rate of Stress Breaking Stress, b in—?
Increase,
Condition Ib in~* sec—! 206°K 194°K T°K 20°E
Abraded 800 7500 9500 10,400 10,400
Abraded 10 5500 7500 10,400 10,600
Abraded 1 5000 6400 10,400 10,200
Unabraded 800 10,400 18,000

The average strength of unabraded specimens is considerably higher than
that of the abraded specimens. However, it was found that the statistical
scatter of the values for the unabraded specimens was much greater. It ap-
pears that an accidental (and often invisible) surface defect can greatly re-
duce strength. Consequently for design purposes one should use values for
abraded specimens,

II. Seeciric HEaT

10.6. The design problems of the cryogenic engineer seldom call for ex-
tremely precise data on specific heats of structural materials. Nearly all the
needs can be met with a general knowledge of the temperature dependence of
specific heat and approximate estimates of the specific heats of those materials
most likely to be of use. The specific heats of simple crystalline solids are
well represented by the Debye relation. Actually the Debye equation is a
general relationship, applicable to many elements and compounds, being ex-
pressed as the heat capacity per gram mole of the solid. Figure 10.2 shows a
graph of the Debye equation,

LT ] pies

C. = 9R(T/8)? f _dz = 3RD(8/T)

o (e — 1)
Cs is the heat capacity per gram mole, R is the universal gas constant, 6 is a
constant of the material having the dimensions of temperature and called the
Debye characteristic temperature, or simply the Debye theta. Di(§/T) is
the Debye function. Tables of Debye values of C, and the corresponding
internal energy function, E — E, are given by Beattie [15]. The graphs of
these functions as shown in Figure 10.2 are suitable for approximate computa-
tions, when the value of # for the material is known. The principal short-
coming of this approach is that only rather simple isotropic crystalline solids
are well represented. However, Corruccini [1] has studied the problem care-
fully with the objective of making estimates of the specific heats of alloys and
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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 SiO?2is 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%
B203 = 13.0%
Na20 = 4.0%
Al203 = 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 (1IMHz, 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

1
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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

2
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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.

3
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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 % 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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Fiéuré 4.2.8: “Bo” high voltage feed thru details.
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Figure 4.2.9: “Bo” high voltage feed thru pressure test sample piece.
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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.
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Figure 4.2.11: Electronics box on “Bo”
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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 AL/L for 304 Stainless and 314 x 10™ AL/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 ANSY'S calculates flexibility and stress intensification per ANSI B31.1

The model shows a peak stress of 2,161 psi where the %2 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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Figure 4.2.13: LAr supply piping Von Mises Stresses due to cooldown shrinkage and internal 400

psig pressure.

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 AL/L for 304 Stainless and 314 x 10™ AL/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 ANSY'S calculates flexibility and stress intensification per ANSI B31.1

The model shows a peak stress of 3,844 psi where the % 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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Figure 4.2.14: LAr vent piping Von Mises Stresses due to cooldown shrinkage

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___ .03%”
wall
(2) Pipe #2 Size, Schedule and material: 1/2” OD___ .03%”
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: 02 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___ .03%”
wall
(2) Pipe #2 Size, Schedule and material: 1/2” OD___ .03%”
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: 02 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:

System description

Flow schematic

Instrument and valve summary

System control loops

Fill procedure

FMEA - failure modes and effects analysis

“What-if” analysis

ODH analysis

“Luke” pressure vessel note

Liquid nitrogen pressure vessel note

Liquid nitrogen dewar compliance

Piping relief valves

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:

©)

O O O O O O O O 0O O o0 o

1of2

Page 297 of 299 5/16/2008



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)

2 o0f2
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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>

Dear colleagues,

Based on the report of the Village & Misc. Cryogenic Safety Review Panel, | 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. | 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
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