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Disclaimer _

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of
their employees, makes any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness, or usefulness of any information, apparatus,
product, or process disclosed, or represents that its use would not infringe privately owned
rights. Reference herein to any specific commercial product, process, or service by trade
name, trademark, manufacturer, or otherwise does not necessarily constitute or imply its
endorsement, recommendation, or favoring by the United States Government or any agency
thereof. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof.
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Abstract

From 1993 to 2000, OSS worked under a cost share contract from the Department of Energy
(DOE), contract #DE-AC21-C30178, to develop an Advanced Worker Protection System
(AWPS). The AWPS is a protective ensemble that provides the user with both breathing air
and cooling for a NIOSH-rated duration of two hours. The ensemble consists of a liquid air
based backpack, a Liquid Cooling Garment (LCG), and an outer protective garment.

The AWPS project was divided into two phases. During Phase I, OSS developed and tested
a full-scale prototype AWPS. The testing showed that workers using the AWPS could work
twice as long as workers using a standard SCBA. The testing also provided performance
data on the AWPS in different environments that was used during Phase II to optimize the
design. During Phase I, OSS also performed a life-cycle cost analysis on a representative
clean up effort. The analysis indicated that the AWPS could save the DOE millions of
dollars on D& D activities and improve the health and safety of their workers.

During Phase II, OSS worked to optimize the AWPS design to increase system reliability, to
improve system performance and comfort, and to reduce the backpack weight and
manufacturing costs. To support this design effort, OSS developed and tested several
different generations of prototype units. Two separate successful evaluations of the
ensemble were performed by the International Union of Operation Engineers (IUOE). The
results of these evaluations were used to drive the design.

During Phase II, OSS also pursued certifying the AWPS with the applicable government
agencies. The initial intent during Phase II was to finalize the design and then to certify the
system, OSS and Scott Health and Safety Products teamed to optimize the AWPS design
and then certify the system with the National Institute of Occupational Health and Safety
(NIOSH). Unfortunately, technical and programmatic difficulties prevented us from
obtaining NIOSH certification.

Despite the inability to NIOSH certify the design, OSS was able to develop and successfully
test, in both the lab and in the field, a prototype AWPS. We clearly demonstrated that a
system which provides cooling can significantly increase worker productivity by extending
the time they can function in a protective garment. We were also able to develop mature
outer garment and LCG designs that provide considerable benefits over current protective
equipment, such as self donning and doffing, better visibility, and machine washable.

A thorough discussion of the activities performed during Phase I and Phase II is presented in
the AWPS Final Report. The report also describes the current system design, outlines the
steps needed to certify the AWPS, discusses the technical and programmatic issues that
prevented the system form being certified, and presents conclusions and recommendations
based upon the seven year effort.

i



Oceaneering Space Systems ' AWPS Final Report

Table of Contents
DASCIAIMIET . .cvetireie et s bbb e n bbb e e a s naes i
ADSIIACT .t teteee e ee e et st en s s e e ettt ii
Table Of COMIENLS......ccviiierieceeeneeenererrer e e ees e s aes e sresreaesnesaesaesae e sse s eae e sessesnseneeneen it
List Of Figures and Tables ...t ns \4
EXECULIVE SUIMMATY.....ciceiiiireserieeecitien s csssasn s s s re s s sas e s ssssssassss st ssesanes viii
1.0 IREOQUCHION ..oueeeecrcrcrerce e se e ee st ee s e e se e e se e e s e neen e nenae s aeaneanennases 1
2.0 Overview of AWPS Ensemble......coo o sens 2
2.1 SYStEM OVEIVIEW ..oeiuiiiieeirresesint et sssess s st ss e sas s s sa s s s s ssnesaene 2
2.2 Evolution of OSS Liquid Air Technology........ccccunnicinininiiiicisisnseeeeeeeecsnenns 5
2.3 OSS PAENTS ... reescecr ettt sb e bbb s st s e e e naenean 7
3.0 AWPS Goals and ReqUIrEMENES .......covvvinrmrmiiiininimssmrresnsesesssesssssssssesssessssesens 8
3.1 Potential Decontamination and Decommissioning Hazards ..........ccccecevererencrecercnnnee. 8
3.2 Deficiencies/Inadequacies of EXiSting SYSIEMS.....ovueuertrrcerrreeenrrcrmreeeseesssseesesesseeaens 9
3.4 AWDPS REQUITEIMEINLS ....cucueeereacieermrerereeeraresessesesesrecsesersseseseesesesssssssssssssssssseesessssasas 10
3.4.1 Liquid Air Backpack ReqUITEMENTS .......covvmeereccceticinecmmeinninnesten et esessssesssneseen 11
3.4.2 Protective Garment REQUITSINENTS ....cccoerurerrrrerceerereereneernneasersnssesessessesessesssssssssees 14
4.0 Phase L. en et eeseenne e s r e re e e e n e e s e et et e e e e 16
] OVRIVIEW .. eveveueeecenencscenenrreessesesseeeassssseesesaesaesnessssmssessereenesnsennensensentanesasentensensensensos 16
4.2 Phase ] Ensemble Development........c.coovveecceecremencreeieecreeeneesesaeseeeseessssassessens 17
4.2.1 Liquid Air Backpack.......ocooecreeiiemmncrcnreerre e seneessenssesesnsesessansese s 17
4.2.2 Face Piece, Regulator, Helmet, Communications.........ceevveeceisersersnneesensensvaarrons 24
4.2.3 Liquid Cooling Garment............ccccrrrerrmreercrrcnsrrssessses s escssseesesmonenens 25
4.2.4 Protective Garments........covvreirieensiessmisisssesssssss e sse s ssssssssns 26
4241 Level A SUIL ..ociiirieieeiieieee ettt 26
4.2.4.2 Liquid Splash Protective Suit (Level B/C) ..o 28
4.2.4.3 Comparison of Liquid Splash Protective Suit Configurations...........c.coveuce. 29
4.2.4.4 Planned Garment TeStNG......cooccirceeeeeimmrmmenrreeseeneeeeseseeeseesnessesessssesenees 30
4.2.5 Recharge STAION ...cccevieeieirercccceiries e ccreersestrese st ss s e e s e ee e esemsasensneas 32
4.2.6 In-House Manned Testing. .........vcecceeeermimmnercecccanrnemrnenssnsessseseeseesessesssacssesns 33
4.3 Failure Mode and Effects ANalysis......cceoeeeinceeenecececcceeneneninenesensseseesenes eevevereenens 33
4.4 Life Cycle/Cost Benefit ABALYSIS....ccuvveiieriereeererrecevressssssesssessesssssessesssssssssssssssssens 35
4.4.1 Development 0f Model .........ccovieeinnnireee st sne e 36
4.4.2 Model VAriables ...t sessessssesie e sesensenessessananes 37
4.4.3 Determination of Specific BEnefits........cccoevmernncnnncnnre e 38
4.4.3.1 Worker ProduCHVILY. ....cccoveeiririccccctccrnmineesncseececrseeseeestsesess s eeneene 38
4.4.3.2 Worker Protection.......ccccccccniinicccciciccnnescssseseesecnsccsessssssnns 38
4.4.4 Basis for Comparing Different Ensembles.........cccccoommnnnnnnncnneneeene 39
4.4.4.1 Methods of Estimating Costs........ ieseaen ittt e e e R ne e enereas 40
4.4.4.2 ASSUIMPLIONS. ...eueeviirrirrenitcentssi et sersss s s saess e sassnsresss s sasssenens 40
4.4.5 Life Cycle Cost Calculations (Base Case)....cccccevererrrrrmrreriecececeeeceeneeneeneeseeesnnns 41
4.4.6 Sensitivity ANAYSIS.....cccccerrirermrrireceeccntninersireseeseestessessesassessssssesssieseesessessssessens 43
4.5 Kansas State University Independent Evaluation.........cccovccececcnvrninnnnnerncnccnncns 44
4.6.1 TESEPLAN ...ttt e e ae e are e annen 45
4.6.1.1 Ensembles Tested........oooveorecrinirerececccrnrcnnrecnnrt s seeseeseesnnnenens 45

iii



Oceaneering Space Systems AWPS Final Report

4.6.1.2 Test CONAIONS ...cccerreiererericeenserrerriserrsensesissisrsssessssssassssssssssssssssssssssnssessens 46

4.6.1.3 TSt SUDJECES c..vuceverrereeerraercrennsssanssessasesssssasssecssesessssessssessssnssssesssesssserssesasns 46
4.6.1.4 Exercise Protocol and Test Measurements.........coovvvvvvnrimminnicsnsessssensnnns 46

4.6.1.5 TSt MAIIIX ..ceereeeeeicvnieie i creresississiais s sttt n st st e st st st s s e s e saa s snonnonbons 47

4.6.2 TeSt PROCEAUIES ...ooieecreeecetrcnreree st e s s s e st a s st sn e e e e 48
4.6.3 Test Hardware Performance and Description.........coveemrererevrcnrenerececoersonmnsenne 50

4.7 Phase ] SUMIMAIY.......cccceieerrirreeresnennisnrseesieneereessrssnssstsssosossssssssstsnssntsassessnessrssassases 56
5.0 Phase IL ...ttt reest e esese s e sess e s e s b bbb bonabsbassemnsseresassenes 57
5.1 OVEIVIBW «oeenieieseeeeneeeeeernenaenrare e rece s e s st ssassaies shsst s e b s e b s s bR S ba ke s Re bbb s me e senraanas 57
5.2 Dewar DEVEIOPIMENL......ccccemimmirerriisesiiisn st s sesesasannes 60
5.2.1 Inner Vessel Design and Certification ..........cocceevvvnnninnennnnenneseereeeeeenes 60
5.2.2 Pickup Mechanism Development...........ccccnennenmnnnnesseseceseceseenees 68
5.2.3 Capacitance Gauge Development ..., 81
5.2.4 Outer Vessel and Harness DeVElOPmENL ...........corirerereererecnsenssssessessenessersasssns 87
5.2.5 Suspension System Development............ccovvrniinnicrr e 96
5.2.6 Vaporizer and Tubing Development ...........cccovrvimnmnnnenneennenereeeenne 99
5.2.7 Dewar INSUlation ......cecceeeeeeerercrecerceir e e recreesreeresn e s e ee e s e e e s s e e e ennen 106

5.3 Bottom Box Development .......ccoceeceeerceicnieree e recneeceenesses e sesesseessessessessecnnes 110
5.3.1 Ambient Heat EXChanger. .....ccooeirriiiicre e e eennae 111
5.3.2 Pressure Control System COmMpPONENtS. ......coevviveeieecnrnerreereerersesse s eeeeseeeseeeas 120
5.3.3 Additional ValVes.........coeevrenieerieninneicntnesessssseseccercrsnesssssassssessssssssssssassenees 122

5.3 PUINIP. ..ttt ees e msa bbb sd s s bbb s a bbb s bbbt ea 0 123
5.3.5 Electronics and Batteries........ccccueirrercercremrnernetrssnisienscensssensssssisnesssessesenes 126
5.3.6 Bottom BOX StrUCLUIE .....c.coueveiiceeiirrnice s sessesesnssssnssssnsssssesssssssaes 128

5.4 Mass BUAZEL......ccooiiiiiirerc et e s s s enen 130
5.5 Human Testing at OSS ....cccomrrmrrircvrrinsiniiinns ttrtesberteetebeesiasiabestesasastratraraaraas 133
5.6 TUOE DemOonStrations ......ccccrrrrvreersersrsmississisnisinssssessessesssssssssssssssssssssssssssssassas 133
5.6.1 Initial TUOE Evaluation .........cccoceiemienicnnniainneieessssesesesesssenee 133
5.6.2 Second JUOE Evaluation........ccvceniinrcnnnnnccsessmess s 136

- 5.7 Scott Aviation Participation in AWPS Development........c.cooveereernnrenesnresinenenenns 138
6.0 Conclusions and Outstanding ISSUES ......cocceverrcenrercrnr et ne 141
7.0 ReCOMMENUALIONS .. .eiveeeeirrririeeeeeirrirserceereesersssssrassaessseeee e e eeeeseeses e neeneessenssenaes 145
8.0 LiSt Of ACTONYINS ..ueovererreeeeciitciicinrincetninen st s s snsr s s s s s s s vassn s e snennsncs 147
Appendix A: Requirements MatriX.... ..o escssssess s sssssss s 1
Appendix B: DOT Submittal REport ......coceeerirniciiiiiirssissssssssssssssssssssssssssssionne 1
Appendix C: Bottom Box Components and Layout........c.cccvvevvmvvniennnnmssiesssreens 1
Appendix D: Backpack Electronics Information........cccocvvvnininnnnini 1
Appendix E: Results of Human Testing 0f AWPS PIOtOLYDE ...cueuemersenmersessssmmsiisisesssecaes 1

v



Oceaneering Space Systems AWPS Final Report

List Of Figlires and Tables

Figure 1: Prototype Advanced Worker Protection System .................................................. viil
Figure 2.1-1: Simplified AWPS SchematiCs........ccoccomiimmeisiminn e iissrsrsssssssenns 3
Figure 2.1-2: Prototype AWPS .....ovovvirrinrenssirssianns SOTOT OV POROTOUOUP PRI 4
Figure 2.2-1: Neutral Buoyancy Portable Life Support System Developed by OSS.............. 6
Figure 2.2-2: Prototype Liquid Air BackpacK.........covireiivnnniiniiiiniiisnsees 6
Figure 2.2-3: Prototype 1-Hour LAP ... 7
Table 3-1: Protective Suit Types and Characteristics .........coiimisiismsirisiererecenencesorsesseress 16
Figure 4.2-1: Phase I Backpack Schematic........ccocvviivvvvrininscneriencssssseressennnns 18
Figure 4.2-2: Initial Inner Vessel DESIZN .....ccovevviverevruivmrvmrriri st s ssesssseres 19
Figure 4.2-3a: Phase I Prototype Inner Vessel Design ......ccevveeeeececcvcncnccncenirenircs e 20
Figure 4.2-3b: Initial Vessel and Suspension System Designs........coceeevvvmerereureemresinesesnane. 20
Figure 4.2-4: Interspiro Face PIECe ...t 25
Figure 4.2-5: Phase ILCGu....ccovniiiniisnsts st snans 26
Figure 4.2-6: Level A SUt.....coiiinininirre st sb b et s 27
Figure 4.2-7: Level B Suit Configurations.........coiomnminnineesssssssens 30
Table 4.2-1: Level B Suit Evaluation Results........ccooioiccnicrcrccrcrcencseereneeennns 31
Figure 4.2-7: Phase [ In-FHouse Manned Testing .......c..cccovvmmnrnnincriniinseisseesrsnnnns 33
Table 4.4-1: Model Variables for Each Cost ATea.......cocccviicinininnninnnicins 37
Table 4.4-2: Time Required in Ensemble Operation........nnnnnnesnnnnin 41
Table 4.4-3: Cost Model Variable ValUes........ccoemrieimiieiinisiissssissssssesssssines 42
Figure 4.4-1: Distribution of Life Cycle CostS .....ccoviviiiiiiiiiiiiisssssissesinens 42
Table 4.4-4: Range of Key Variables Investigated..... rerererbeneresrssssssssessssssensnesssnsnassenees 43
Figure 4.4-2: Life Cycle Costs Versus Work Duratlon veerreresarerres 44
Figure 4.6-1: Representative Skin Temperature Graph Wlth AWPS Backpack .................... 53
Figure 4.6-2: Representative Skin Temperature Graph with SCBA ..., 53
Figure 4.6-3: Representative Core Temperature Graph.........cccccvvvcncnccncinccncncinac. 54
Figure 5.2-1a: Center Hub JOINE......cccovmmm it ccsses s 61
Figure 5.2-1b: Center Hub Glued to Inner Vessel Half ... 61
Figure 5.2-2: Thermal Cycling Testing of Inner Vessel Diaphragm Hub........cccccoemnnneene. 62
Figure 5.2-3: Original Inner Vessel Shape. ... 62
Figure 5.2-4: Inner Vessel FEA Model.........cineeneeeeenans 63
Figure 5.2-5: Mold FIoW ADALYSIS ....ccovrnrmiinniniiiiinii s nssssssnsssnssnsssssssns 64
Figure 5.2-6: New Inner Vessel Shape ... v rrersreesnesraesesersesessenseesesreos OD
Figure 5.2-7: Rotation of Vessel Outer Edge Leadmg to Fa.ﬂure ......................................... 66
Figure 5.2-8: Test Data Showing Pressure Decay .....coocvvvinniinnnsncsnrnccececnne 69
Figure 5.2-9a: Breadboard Testing of Liquid Line Having 0.026” Diameter Hole ............. 70
Figure 5.2-9b: Breadboard Testing of Liquid Line Having 0.060” Diameter Hole............. 70
Figure 5.2-10: New Face Seal Desigh.......cccocvriiiiininmii e csssissssssssssssssssssssassssens 71
Figure 5.2-11: New Pickup Mechanism ........ccooovminncirnnncnis s 72
Figure 5.2-12: Pickup Mechanism Flow Path.........ccccoomncnneeeeceens 73
Figure 5.2-13: Sketch of Kicker Weight and Pickup Mechanism.......c.coociiiinnincnnnne 74
Table 5.2-1: Inner Vessel Deflections..........covniiiimcicinnnisessesssenssssssnsssessssess 10
Figure 5.2-14: Electrical Connection CONCEPLS .......covrvviirimsiiiiisiiiiiesnesssssnsssesssnsnnes 77
Figure 5.2-15: New Electrical COnNEction. .......ccvvreereerrriniiiisiiesisissisessssiesesssssnsassnis 78
Figure 5.2-16a: New Kicker Weight......ccccoccoirnnrvris s 79



Oceaneering Space Systems AWPS Final Report

Figure 5.2-16b:New Pickup Mechanism and Kicker Weight.... - rrerrreeneceeeenes 80
Figure 5.2-16¢: New Pickup Mechanism and Kicker Weight in Inner Vessel ..................... 80
Figure 5.2-17: Phase I Capacitance Gauge Desigh......ccccoorimnrnnininnincnsniiceicsiseens 81
Figure 5.2-18: Graphical Analysis of Capacitance Gauge........cooveveeverrvennnrevesnrneicssninnes 83
Figure 5.2-19a: Sketch of Final Capacitance Gauge Shape.......c.cocoeenvevennneccnnnnccennn, 84
Figure 5.2-19b: Final Capacitance Gauge Shape......comnrnirersm e 84
Figure 5.2-20: Initial Capacitance Gauge Predictions ........cuereessseseinsinsscninsseisinissseiees 85
Figure 5.2-21: Graphical Analysis of Capacitance Gauge.........coueveverervnrsesennnscssneninens 85
Figure 5.2-22: Capacitance Gauge Predictions Incorporating Surface Tension Effects...... 86
Figure 5.2-23: Capacitance Gauge Test RESUIS .....c..vvvviinerieinnininiiniiiiicicnnnns 87
Table 5.2-2: Measured Capacitance Gauge ACCULACY .....ovevvrierissasressnsssssnsnsrasasrassssrarssesaes 87
Figure 5.2-24: Initial Phase IT Outer Vessel Design......cooeeeeerrereesreneeece e 38
Figure 5.2-25: New Outer Vessel Desig....cceeveeccieeneeinecee e 89
Figure 5.2-26: Backpack Harmess .......ccoouiiiriieinneneisesss st ssssssssnesens 20
Figure 5.2-27: Outer Vessel Buckling Pressure.......ocoveveeinesicscsnienennnsnnncneneseenneecens 92
Figure 5.2-28: Pump Out Plug Blow Out Pressures ... 93
Table 5.2-3: Outer Vessel Relief Device Test Results......coovvninicciniicciee 94
Figure 5.2-29: Test Results with Modified Large Pump Out Plug......oooveeioninienicen, 95
Figure 5.2-30a: Sketch of Spoke Tension Suspension SYStEImL. ..o vrreiararinaisiasciriannnnns 96
Figure 5.2-30b: Spoke Tension Suspension System Hardware... rveereneeseeeeenesanannrnnares FT
Figure 5.2-31a: Sketch of Suspension System Aluminum Backmg ng 98
Figure 5.2-31b: Aluminum Backing Ring and Suspension System ..o 98
Figure 5.2-32a: Cut Away of Initial Vaporizer Configuration ........cceevevvrvecvrvercnnnrevense. 101
Figure 5.2-32b: Initial Vaporizer Layoul...... e 101
Table 5.2-4: Initial Vaporizer Freeze Up Testing .........cocovvvvvvmverrininrnirereecnerneereenesenenens 103
Figure 5.2-33: Short Vaporizer Test ReSULLS......ovvviieee e 105
Figure 5.2-34: Comparison of Short and Long Vaporizer Performance ............ooovveennneee 106
Figure 5.2-35: Multi Layer Insulation Applied to Inner Vessel .......coovinninneininiisinenn, 107
Figure 5.2-36: Initial Dewar Heat Leak Analysis Results......cocoeevrieriereecerieenrierennnnen 108
Figure 5.2-37: Pressure Decay Curves for Various Dewars........cooeeereverereeceececnncnnnnnnns 109
Figure 5.3-1: Prototype Bottom Box Assembly......ccccovvireinniiccnes ceeee 110
Figure 5.3-2: Prototype Bottom Box Assembly.......ccccovvinmemerencenencennscenens 111
Figure 5.3-3: Testing of Al Goods Heat EXchanger ..o 112
Figure 5.3-4: Frosting of the Ambient Heat Exchanger Prototype.......... cerrereeererenerasaaranes 113
Figure 5.3-5: Plate Heat Exchanger Test ReSults........coveiiiciincniicsiieencennnns 114
Figure 5.3-6: AHX DESIZN c.cvoviririieiiii sttt 115
Figure 5.3-7a: Sketch of Coiled Ambient Heat Exchanger ..., 116
Figure 5.3-7b: Coiled Ambient Heat Exchanger — Side View .......covvveienncnnessncnnnnnn 117
Figure 5.3-7¢: Coiled Ambient Heat Exchanger — Top VIEW ......coeieennicsrinnnnnnnnsisinnnnn 117
Figure 5.3-8: AHX Test Resuits at Room Temperature .........coevennrnnesconinncinnn, 118
Figure 5.3-9: AHX Test Results at —25 °F Ambient Temperature...........ccccoenrniiiiinins 119
Figure 5.3-10: AHX Test Results at 160 °F Ambient Temperature ........ccoevevenincsccnnenn 119
Figure 5.3-11: Phase II Backpack Schematic ...t 120
Figure 5.3-12: Backpack PUMP......cccccvvimimrinn e ssnsscsesnsnsisiisssssasens 124
Figure 5.3-13: Pump Performance — Flow vs Head Pressure ..., 125
Figure 5.3-14: Pump Performance — Flow vs Cutrent.......cvurvvrnmnnnninnnncccnennnnens 125

vi



Oceaneering Space Systems AWPS Final Report

Figure 5.3-15: Pump Performance — Volts vs Head Pressure........coovvincinincicinciicnnnns 126
Figure 5.3-16: Electronics Block Diagram ..........coovvivinnnisnnnsnsnsssc oo 127
Figure 5.3-17: Simplified Sketch of Bottom Box Structure..........covvceiiiiinncnvnncccnnnn. 129
Figure 5.3-18: Bottom Box Structure Lower Bracket ... 129
Figure 5.3-19: Lower Bracket Integrated with Bottom Box Structure.............ovveviivnnenne. 130
Figure 5.4-1: Mass Tracking Chart ... e 131
Table 5.4-1: List of Major Mass SAVINES.....oecceererrrerenseri et e cinesnestsesessseseeseseesssensens 132
Table 5.4-2: Design Changes to Meet 40 Pound Requirement ..........cccoeceenccvccinrennnes 132
Figure 5.4-2: Weight Breakdown of Proposed Final Design........coccvucueieniniiiiiicnnnenan. 133
Figure 5.7-1: OSS Recharge Station for NASA ..o 140
Table 6-1: Outstanding Issues and Suggested Resolutions..........occevvveveenininsisnnnnecennnnen. 143
Table 7-1: Useful AWPS TechnolOgies........ocuvvveeeerernnvnvrenrniesresieessesessessssssesnsnsrassaens 146

vii



Oceaneering Space Systems _ AWPS Final Report

Executive Summary

From 1993 to 2000, OSS worked under a cost share contract from the Department of Energy
(DOE), contract #DE-AC21-C30178, to develop an Advanced Worker Protection System
(AWPS). The AWPS is a protective ensemble that provides the user with both breathing air
and cooling for a NIOSH-rated duration of two hours. The ensemble consists of a liquid air
based backpack, a Liquid Cooling Garment (LCG), and an outer protective garment. A
picture of a prototype AWPS is shown in Figure 1.

Figure 1: Protope dvanc-t.i‘ Worker Protection System

The AWPS uses liquid air to provide cooling and breathing air. The liquid air is stored in
the backpack. As the user breathes, air flows from the pack through a heat exchanger where
it is vaporized, to the user’s mask, which maintains a positive pressure around the user’s
face. Water is circulated through the heat exchanger to vaporizer and warm the liquid air to
a breathable temperature. The water is cooled in the process and is then circulated through
the user’s LCG, thereby cooling the user. The system is self-regulating. As the user works
harder, they breathe harder and require additional cooling. Their increase in breathing rate
increases the flow of liquid air, and subsequently provides the additional cooling needed.

The impetus behind the project is the need to extend the useful work that can be performed
by hazardous material (haz-mat) workers. One of the key limitations haz-mat workers face
is overheating. Most current personnel protection equipment (PPE) does not provide any
means of cooling. As a result, the user quickly overheats and must stop working. In
relatively warm environments, the amount of useful work that can be performed can be as
little as 20 minutes. The AWPS can extend this time to two hours by providing the
necessary cooling and breathing air. This increase in useful work can greatly increase the
efficiency of clean up operations. As a result, the AWPS can significantly reduce the life-
cycle costs associated with site Decommission and Decontamination (D&D).

viii
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The AWPS project was divided into two phases. Phase I lasted from October 1993 to July
1995. During this phase, OSS developed a full-scale prototype AWPS. The prototype was
then tested at Kansas State University. During this testing, four different human subjects
donned the system, exercised on a treadmill inside an environment chamber until they either
overheated, became tired or uncomfortable, or the pack was emptied. A total of 28 tests
were conducted. Each subject’s heart rate, core temperature, and skin temperature at various
locations were recorded throughout the test. The same tests were repeated using a standard
Self-Contained Breathing Apparatus (SCBA), which provides no cooling.

These tests proved the usefulness of the AWPS. The testing showed that workers using the
AWPS could work twice as long as workers using a standard SCBA and that the system
drastically reduces increases in the user’s core temperature. The testing also provided
performance data on the AWPS in different environments that was used during Phase II to
optimize the design. Tests revealed specific information on the design of the two prototype
chemical protective suits, from which OSS identified several design improvements. For the
Level A suit, these design improvements included a provision for expelling breathing air to
outside the suit, using a single layer glove to increase dexterity, and flowing air across the
visor to prevent fogging of the facepiece. For the Level B suit, proposed design changes
included modified glove and boot interfaces together with the incorporation of suit sizing.

During Phase I, OSS also performed a life-cycle cost analysis on a representative clean up
effort to quantify the benefits provided by the AWPS. We collected information from
several DOE sites as inputs to the analysis. The analysis indicated that the AWPS could
save the DOE millions of dollars on D& D activities as well as improve the health and
safety of their workers.

Phase II of the project lasted from August 1995 to May 2000. During this phase, OSS
worked to optimize the AWPS design to increase system reliability, to improve system
performance and comfort, and to reduce the backpack weight and manufacturing costs. To
support this design effort, OSS developed and tested several different generations of
prototype units. Two separate evaluations of the ensemble were performed by the
International Union of Operation Engineers (IUOE), one in September 1995 and one in
October 1997. The results of these evaluations were used to drive the design.

During Phase II, OSS also pursued certifying the AWPS with the applicable government
agencies. The initial intent during Phase II was to finalize the design and then to certify the
system. We successfully completed the backpack’s plastic, liquid air storage vessel design,
conducted extensive pressure and creep/rupture tests of numerous vessels, and obtained a
Department of Transportation (DoT) exemption certifying the pressure vessel design.
Unfortunately, we were not able to obtain AWPS certification from the National Institute of
Occupational Health and Safety (NIOSH) due to technical and programmatic difficulties.

During Phase I1, the NIOSH certification was assigned to Scott Health and Safety Products,
the largest supplier of breathing apparatus in the United States. OSS and Scott entered into a
cooperative business agreement in February 1997 to develop, certify, and market liquid air
backpacks. Scott was to optimize the designs of the systems exterior to the AWPS dewar,

ix.
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such as valves, pump, electronics, battery pack, pack harness, etc., while OSS worked to
optimize the dewar design. Scott was then to head up NIOSH certification of the system
and market the backpacks. The key drivers during this optimization process included
weight, reliability, cost, and performance enhancements to ensure the system met all
applicable certification requirements.

Several obstacles were encountered during this design optimization which led to significant
redesigns of the dewar. The first problem encountered was the burst pressure of the inner
vessel. The inner vessel shape developed during Phase I did not provide the expected burst
pressure, which was needed for DoT certification. Extensive testing indicated that the
vessels were failing due to buckling of the dished heads, a nonlinear failure not predicted in
our original finite element analyses of the inner vessel. This led to a redesign of the vessel
shape and associated pickup mechanism and capacitance gauge. This new design was
thoroughly tested and approved by the DoT.

The next obstacle was encountered when the first set of six dewars built to completed
drawings and procedures were assembled; these dewars were to be used for NIOSH
certification. The pickup mechanism did not work reliably in these dewars due to small
variations in the assembly procedures and manufacturing tolerance stack up. This led to a
minor redesign of the pickup mechanism. The new pickup mechanism worked well initially
but began to experience problems after repeated uses. The capacitance gauge began to drift
and intermittently drop out while the pickup mechanism began to stick. Several new
designs for these components were developed and thoroughly tested. Based upon these
results a new dewar design was developed that OSS felt confident would work.

Unfortunately, the redesign efforts slipped the AWPS schedule and increased the
development costs. Scott became increasingly concerned about the pack production costs,
its weight, and the slippage in schedule as a result of the design modifications. As a result,
the agreement between OSS and Scott was terminated. This left OSS financially
responsible for not only completing and testing upgrades of the dewar, but also of
completing the development of the remaining backpack components that were Scott’s
responsibility and of NIOSH certifying the system. The cost for this work would have far
exceeded the value of the AWPS contract. As a result, OSS aggressively pursued other
partners to fill the void left by Scott. However, OSS was not successful in locating a
company willing to invest the money required to complete and certify the design.

Despite the inability to NIOSH certify the design, OSS was able to develop and successfully
test, in both the lab and in the field, a prototype Advanced Worker Protection System that
provides breathing air and body cooling to the user. We clearly demonstrated, through
repeated testing, that a system which provides cooling can significantly increase worker
productivity by extending the time they can function in a protective garment. Tests
demonstrated that subjects using the AWPS can operate up to 2 1/2 times longer than when
using a gas-based SCBA that does not provide cooling. Testing also showed that workers
could more clearly focus on the task at hand when they received cooling.
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We were also able to develop mature outer garment and LCG designs that provide
considerable benefits over current protective equipment, such as self domming and doffing,
better visibility, and machine washable.

Additional conclusions and recommendations developed from this effort are discussed in the
AWPS Final Report. The report also describes the current system design, outlines the steps
needed to certify the AWPS, and further describes the technical and programmatic issues
that prevented the system form being NIOSH certified.

%1
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1.0 Introduction

Throughout the United States, the Department of Energy (DOE) is working to clean up
various sites utilized in the production of nuclear weapons over the last 50 years. It is
estimated that approximately 7,000 buildings are contaminated with a combination of
radioactive and hazardous materials.!  These buildings must be characterized,
decontaminated, dismantled, and decommissioned.

The clean up process is labor intensive and costly. It is estimated that DOE site clean up
will cost $300 billion and span the next 30 years.> The DOE is currently funding research to
develop techniques and systems that will reduce this projected cost.

A key in minimizing clean up costs is maximizing worker productivity. The protective
equipment needed to operate in the hazardous environments often limits worker
productivity. The protective equipment can reduce mobility, increase muscle fatigue, and
limit operating time due to limited consumables, such as air, or to overheating of the user.
In a Decommission and Decontamination workshop held in 1996, the need for improved
personal protection equipment that reduces heat stress and improves worker efficiency was
specifically identified by an Industry Needs Panel.

One DOE funded project that has the potential to fulfill these needs is the Advanced Worker
Protection System. The AWPS is a protective ensemble, being developed by Oceaneering
Space Systems (OSS), that provides the user with breathing air, cooling for a NIOSH rated
duration of 2 hours, and environmental protection. The AWPS consists of a liquid air based
backpack, a Liquid Cooling Garment (LCG), and an outer protective garment. The
backpack uses liquid air to provide the breathing air and cooling; a more detailed description
of the current system is presented in Section 2.

Oceaneering Space Systems has been working on the AWPS for the past seven years under
a cost share contract with the Department of Energy, Contract #DE-AC21-C30178, and has
made significant progress. During the first phase of the project, which lasted from October
1993 to July 1995, OSS developed and successfully tested a full-scale prototype system. A
Topical Report that described the prototype system and the test results was published at the
end of Phase I.

The second phase of the project spanned from August 1995 to May 2000. During this
phase, OSS worked to optimize the design to increase system reliability, to improve system
performance and comfort, and to reduce the backpack weight and manufacturing costs. To
support this design effort, OSS developed and tested several different generations of
prototype units. Two separate evaluations of the ensemble were performed by the
International Union of Operation Engineers (IUOE), one in September 1995 and one in
October 1997. The results of these evaluations were used to drive the design.

! DOE Decontamination and Decommissioning Focus Area 1996, DOE/EM-0300.
2 Proceedings of the Environmental Technology Through Industry Partnership Conference
Vol. 1, DOE/METC-96/1021 Vol. 1, October 1995.
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During Phase II, OSS also pursued certifying the AWPS with the applicable government
agencies. The initial intent during Phase II was to finalize the design and then to certify the
system. However, technical and programmatic difficulties prevented OSS from
accomplishing this objective.

This document is the final report for the AWPS contract and describes the activities
performed during Phase I and Phase II. The report also describes the current system design,
outlines the steps needed to certify the AWPS, discusses the technical and programmatic
issues that prevented the system form being certified, and presents conclusions and
recommendations based upon the six year effort.

2.0 Overview of AWPS Ensemble

2.1 System Overview

The AWPS consists of three primary components: the backpack, the liquid cooling garment,
and the outer protective garment. A simplified schematic of the system is presented in
Figure 2.1-1; more detailed schematics of the systems developed during Phase I and Phase II
are presented in Sections 4 and 5. Brief descriptions of the components are provided in the
following paragraphs and a picture of the AWPS is presented in Figure 2.1-2.

The backpack is a self-contained breathing apparatus that is womn on the back. It consists of
a dewar and a bottom box. The dewar is made up of an inner pressure vessel housed inside
an outer vessel. The dewar stores breathing air as a cryogenic liquid inside the inner vessel.
The space between the two vessels is evacuated to reduce heat transfer from the
environment to the inner vessel. This space is also filled with multi-layer insulation to
further reduce the heat transfer. Reducing the heat transfer in the dewar extends the
backpack’s standby time, the time the backpack can rest on the shelf once it has been filled
and still provide the rated duration.

A vaporizer is also housed in the dewar vacuum space. The vaporizer exchanges the
cooling capacity of the cryogen with water that is circulated through the vaporizer. A pump
in the bottom box circulates the water through this heat exchanger and then through the
liquid cooling garment, thereby cooling the user. '

The cooling provided by the system is self regulating. As the user increases their metabolic
rate, their breathing rate and need for cooling also increases. The increase in breathing rate
will result in an increased flow of liquid air and therefore an increased amount of cooling.

The dewar is equipped with a patented pivoting pick-up mechanism that can draw out the
liquid regardless of the worker’s orientation be it standing, crawling, lying on his back or
side, or even inverted, The pivoting pick-up mechanism also accommodates a capacitance
gauge that measures the amount of liquid air in the dewar. An LED readout of the
capacitance gauge signal is visible on the side of the user’s facemask.
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Figure 2.1-2: Prototype AS

The bottom box contains shut-off and relief valves to fill, drain, and operate the backpack,
and to maintain the internal dewar pressure during operation and storage. The bottom box
also houses a secondary heat exchanger to ensure the cryogenic air is warmed to a
breathable temperature, a pump to circulate water in the liquid cooling garment, and
batteries and electronics to run the pump and the capacitance gauge.

Breathing air is provided to the user, as needed, by a positive pressure facemask developed
by Scott Health and Safety Products. The low pressure regulator for the facemask is
mounted on the lower front area of the mask and does not interfere with the user’s field of
view or with the outer protective garment. The air is supplied to the facemask regulator
from the dewar bottom box via a flexible line that runs under the user’s arm.

The AWPS liquid cooling garment is a two piece garment consisting of a jacket and pair of
pants. The garment is made of a stretchy cotton-lycra fabric. The two garment halves each
have internal pockets that hold fiexible plastic patches. The patches are connected by short
pieces of plastic tubing and interface with the backpack via a pair of self-sealing quick
disconnects. Cool water flowing from the backpack through the patches keeps the user cool.

The AWPS cooling garment has made major strides .in wearability, washability, comfort,
and cost by conducting cooling water over the user's muscles through a combination of



Oceaneering Space Systermns AWPS Final Report

plastic patches rather than exclusively through tubes. The patches are positioned over the
large muscle groups in the body and provide greater surface area for heat transfer than
equivalently priced cooling garments that exclusively use tubes. Because the patches are
flexible and the interconnecting tubes are located in the proper areas, the LCG allows
freedom of movement during vigorous activity. The garment can also be washed because
the patches and tubes are protected inside the garment pockets and will not be pulled out in
the washing machine.

The outer protective garment is a custom designed, two piece splash suit that provides the
requisite splash protection and affords the user with good mobility and visibility. The outer
garment fits over and encloses the bottom of the backpack. This design protects the
backpack and eliminates the needs for a pass-through for the air hose running from the
botiom box to the facemask. The garment conforms to the shape of the pack and thus
minimizes folds and bunched material that may trap hazardous materials or snag against
structure, The garment also utilizes a glove ring that securely holds the gloves in place but
allows them to be easily replaced when needed. An optional caribiner pass-through for use
with a lifting or safety harness has also been incorporated into the suit design.

2.2 Evolution of OSS Liquid Air Technology

The key technology for the AWPS, the liquid air backpack, is an evolution of technology
developed by OSS for NASA’s use in neutral buoyancy simulations of Extra-Vehicular
Activities (EVAs). In 1988, NASA identified the need to increase the fidelity of neutral
buoyancy simulations by eliminating the umbilical used to provide the astronaut with
breathing air and cooling. A backpack with high-pressure oxygen and an additional cooling
source was too bulky to fit within the required envelope. OSS, however, designed a semi-
closed loop, liquid air system that met the requirements.

0SS’ Neutral Buoyancy Portable Life Support System (NBPLSS) pre-prototype was
constructed from off-the-shelf parts as a technology demonstrator and was extensively tested
in both unmanned and manned configurations in the lab and under water, see Figure 2.2-1.
This design was only the third portable life support system to receive a man-rating from
NASA, and it accumulated 37 hours of operating time without any life-support system
anomalies or failures.

Following the NBPLSS, OSS further developed the technology in 1991 by producing and
testing an open-circuit, liquid air backpack. The pack was developed using internal funds
and was intended for Self Contained Breathing Apparatus (SCBA) applications where
cooling would be of benefit, see Figure 2.2-2. This initial unit was built primarily with off-
the-shelf components and instrumentation to gather data needed for future development. In
1992, OSS developed a second-generation liquid air backpack, again using internal funds.
The second generation was sized to provide a duration of 2 hours and incorporated a
breakthrough dewar design that operated in any orientation and provided gauging of the
liquid air remaining in the backpack.
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Figure 2.2-2: Prototype Liquid Air Backpack
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During this time, OSS supported an Air Force Phase I SBIR awarded to Space Industries
Inc. (SII) to study the feasibility of and define requirements for a two-hour duration
breathing and cooling system for firefighters. The Air Force wanted to continue with a
Phase II award based on the resuits of the Phase I contract. Unfortunately, Space Industries
Inc. was acquired by Calspan and no longer qualified as a small business.

In 1995, OSS was awarded a contract to develop a compact, one-hour duration, liquid air
backpack for the Kennedy Space Center (KSC) Fire Department. This unit was to provide
only breathing air, with the option of adding cooling later if desired. A prototype unit
developed for this contract is presented in Figure 2.2-3. This development effort lasted until
September 1999 and paralleled the AWPS effort. Many of the lessons learned from the
development of the one-hour unit were applied to the AWPS 2-hour unit and visa versa.

Figure 2.2-3: Prototyp I-Hou

2.3 OSS Patents

Oceaneering Space Systems has applied for and received several patents which cover the
systems and technology used in the AWPS. Patent #5,361,591 covers a cryogen breathing
apparatus of a subcritical (liquid) nature with an orientation independent dewar (that is, a
dewar that operates in any orientation with respect to gravity) combined with a cooling
garment. The patent covers use in all applications except under water. Patent rights for an
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underwater system are shared with NASA and are covered under Patent #5,365,745. A
portable life support system for use in space is explicitly included under this patent. The
cryogen can be anything related to life support, either air or oxygen. At the time of this
writing, OSS is seeking a reissue of this same patent to cover the unit without the cooling
garment.

OSS holds additional patents for the dewar technology and design. Patent # 5,438,837
covers an orientation independent dewar with a capacitance gauge. A Continuation in Part
covers the dewar without the capacitance gauge as part of the invention, but the gauge, as
well as other key innovations, are included as a dependent claims. The cryogen again can
be either air or oxygen.

The final patent covers the design of the liquid cooling garment. This patent has been
allowed but no patent number assigned as of yet.

3.0 AWPS Goals and Requirements

One of the initial tasks undertaken in the project was to establish requirements and goals for
the AWPS. These were established by reviewing regulatory requirements, collecting
information from the DOE, and reviewing the limitations of current PPE. This section
provides an overview of these goals and requirements that drove the AWPS design.

3.1 Potential Decontamination and Decommissioning Hazards

DOE D&D workers face a multitude of hazards at each of the sites. These hazards include
radiological and/or chemical contamination; physical damage such as punctures, cuts, tcars,
and abrasions; and thermal stress, either heat or cold-related exposures.

Contamination hazards exist at different levels of severity. Based on information gathered
during three visits to DOE sites, the principal contamination hazard to DOE workers is
contact with radionuclides or other radioactive contaminants, principally particles. In
addition, several sites also involve mixed wastes primarily metals, anions, chlorinated
hydrocarbons, fuel hydrocarbons, ketones, phthlates, PCB's, explosives, pesticides, alkyl
phosphates, complexing agents, and organic acids. While most of the time these
contaminants are encountered at relatively low concentrations, some substances have
extreme toxic effects at these levels. Much of this contamination is found in specific areas at
each site, particularly storage tanks, and former processing facilities.

The nature of D&D work produces severe physical hazards to DOE workers. Much of the
dismantling of structures and removal of waste involves different forms of heavy machinery.
Therefore, worker PPE and other equipment must protect workers from the excessive
vibration, sharp edges, and rough surfaces found in these environments.

DOE D&D will be undertaken in a variety of environmental conditions with a wide range of
temperature and relative humidity. The high work loads required for many operations will
produce large metabolic energy consumption causing workers to overheat even in low
temperature, low humidity conditions. Most protective clothing and equipment by its very
nature contributes to worker heat stress. Thus, it is important that clothing ensembles used at
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DOE sites be designed to minimize the impact of heat stress. In addition, worker mobility
must not be impaired as this also increases heat stress and overall energy expenditures.

3.2 Deficiencies/Inadequacies of Existing Systems

Systems now used in hazardous materials applications have many deficiencies. A Self
Contained Breathing Apparatus (SCBA) does not provide sufficient duration for efficient
and cost effective hazardous materials operations and does not supply cooling to the subject.
Supplied Air Respirators (SAR) have an indefinite duration, but do not supply cooling. They
also limit wearer mobility due to the tethered breathing line required for these systems.

When in a fully encapsulating or splash suit, without cooling the wearer is not capable of
working safely or comfortably for more than 45 minutes even in a relatively cold
environment. The worker typically requires a minimum of an hour rest to cool down after-
each 45 minute work period. In many environments this work period is reduced to twenty
minutes.

Some users are employing either air supplied cooling vest or ice based cooling systems to
prevent over heating and extend the work duration. Unfortunately, an air cooling system
has draw backs in that it consumes large quantities of compressed air thereby requiring an
umbilical, and tends to be uncomfortable because of the tremendous air flow into the suit.
The ice based cooling systems also have drawbacks. For example, ice vests, one of the most
common ice based systems, provide no means for controlling the amount of cooling
provided and typically provide too much cooling initially. The Personnel Ice Cooling
Systems (PICS), currently being evaluated by the DOE, eliminates this drawback by
providing a-means for controlling the amount of cooling provided to the user. However, the
PICS is a separate system that must be carried by the worker, in addition their SCBA,
thereby increasing the total weight burdening the worker.

Many outer protective garments worn today also have limitations. They are either
uncomfortable and bulky, or they are too expensive for large scale operations. Fully
encapsulating suits rarely fit the wearer correctly, creating a more stressful and inefficient
work environment. A more form fitting suit that is also less expensive would be more
efficient to use in operations the size of DOE D&D work.

In addition, very little of the protective clothing in use today provides effective interfaces
with other clothing or equipment. End users must use duct tape to seal gloves and boots to
garments and to ensure that hoods stay over respirators. This practice defeats the purpose of
wearing protective clothing constructed of barrier materials since particulates, liquid, and
other contamination can easily penetrate these poorly constructed interfaces. Duct taping is
also a time consuming, often two person, operation.

3.3 AWPS Goals
Based upon a review of the DOE needs and limitations of current PPE, the following four
goals for the AWPS were established early during Phase I:
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1.

Provide a high level of respiratory protection consistent with DOE site hazards
combined with a cooling garment (to eliminate heat stress and provide for increased
worker comfort, productivity, and safety) and protective clothing against both
physical and contamination hazards;

Integrate all clothing and equipment items such that they fit together, provide
complete protection to the wearer, and allow ease of donning/doffing,
decontamination, and maintenance;

Replace several existing protective clothing and equipment systems with two
different systems which can be configured in several fashions to accommodate a
wide range of operations while minimizing procurement needs, system maintenance,
and training; and

4, Improve cost efficiency of D&D operations.

3.4 AWPS Requirements

The design, certification, fabrication and use of PPE is governed by a variety of government
requirements and regulations. One of the key agencies that establish these requirements is
the U.S. Occupational Safety and Health Administration (OSHA). OSHA has outlined the
responsibilities of employers engaged in hazardous waste operations or emergency response
in 29 CFR 1910.120. These regulations include clean-up operations involving hazardous
substances that are conducted at hazardous waste sites as required by a Federal government
body. Requirements relating to selection of personal protective equipment are covered in
paragraph (g) (3) of this document. These rather general requirements specify that:

Selected PPE must adequately protect employees from actual and potential hazards
as identified in site characterization and analysis.

PPE sclection must be based on performance factors characteristic of the site, task
specific conditions, task length, and actual/potential hazards.

Positive pressure SCBA or air-line respirators equipped with escape SCBA must be
used when chemical exposure levels create a substantial possibility of immediate
death or serious injury.

Totally encapsulating protective suits must be used when death or serious injury
from skin absorption is a potential hazard.

The level of protection provided by the PPE must be increased when additional
information is gained to show additional hazards to employees. Appendix B of 29
CFR 1910.120 describes the EPA's Levels of Protection. Levels A through D are
appropriate for hazardous waste site clean-up. The level of protection chosen must
reflect both the actual and potential hazards of the site.

10
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» PPE must meet the requirements of 29 CFR Part 1910, Subpart L. This requirement
essentially indicates that the protection offered by the clothing and equipment must
be commensurate with the actual or potential hazards that may be encountered.

» Totally encapsulating protective suits must pass a pressure test or prevent inward
leakage using the procedures specified in Appendix A of the regulation. The
pressure test is equivalent to ASTM F 1052, Standard Practices for Pressure Testing
of Totally Encapsulating Chemical Protective Suits.

In addition to these general requirements governing the use of PPE, the equipment must
meet other specific federal regulatory requirements. Individual requirements have been
established for the respirator, storage vessel, protective suits, helmet, and support
equipment. These requirements specify not only the performance requirements for the
equipment, but also the requirements for the certification testing.

Regulatory requirements for the AWPS include specific requirements for the liquid air
backpack, pressure vessel, the cooling and protective suits, and the recharge station. EPA
regulations will also govern the amount of secondary waste, and the impact of the system as
a whole on the environment. These requirements and regulations are reviewed in the
following sections.

3.4.1 Liquid Air Backpack Requirements

The AWPS liquid air backpack is a Self-Contained Breathing Apparatus, a respirator, to be
used in Immediately Dangerous to Life and Health (IDLH) atmospheres. These units must
be designed to meet criteria established by the National Institute for Occupational Safety
and Health (NIOSH) of OSHA. The requirements.are specified in 42 CFR Part 84.

An initial review of these requirements was conducted during Phase I of the contract and
was used to establish the AWPS performance objectives outlined in the first Phase I Topical
Report. Another review of these requirements was conducted during Phase I of the contract
to incorporate changes that were made in the requirements during this time.

The primary NIOSH requirements that drive the design of the liquid air backpack are
summarized below. Satisfying these requirements posed much larger challenges than
meeting those for the protective garments and other support equipment, and so was the
primary focus of the development effort.

» The respirator must maintain a positive pressure within the facemask during

operation. This prevents any contaminated gases from entering the mask and bemg
inhaled by the user.

» The respirator must supply breathing gas in any orientation including, prone, supine,
and inverted. This is not a concern with compressed air systems. However, the
APWS liquid air backpack functions properly only when the intake is submerged in
the liquid air. Consequently this requirement was a maj or design consideration in the
development of the backpack.

11
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« High air flow rates, at least 200 liters/minute, must be delivered to the user in
emergency situations, such as when their mask becomes partially dislodged. This
purge flow ensures any potential hazardous gases are flushed out of the mask and
not breathed by the user. Typically, an SCBA is equipped with a by-pass switch
mounted on the regulator to provide this free flow rate.

» The respirator must weigh no more than 35 pounds, including consumables, unless
at least 25% of its weight is consumed in operation, or if it provides cooling as part
of its function. In either of the later cases, the weight limitation is 40 pounds. Since
the AWPS backpack will use 35% of its weight in operation and provide cooling, the
40 pound standard applies. This requirement turned out be a much bigger design
driver than initially thought.

e The respirator must be rated to a standard duration. The NIOSH standard breathing
rate of 40 standard liters per minute is used to establish the rated duration of the unit.
The AWPS backpack will be rated for a 2 hour duration.

¢ The respirator must provide adequate breathing gas as a test subject performs a
series of physical tasks that increase the demand above the standard breathing rate.

» The air provided by the respirator must have an oxygen content between 19.5% and
23.5%. This is not a critical issue with compressed air systems. However, in a
liquid air system, the oxygen percentage of the liquid phase will increase during
storage as the liquid nitrogen boils at a slightly faster rate than the liquid oxygen.
This requirement impacts the design of the backpack insulation and the recharge
station. ‘

 The respirator must be equipped with a gauge showing the amount of air in the tank,
and must also sound an audible alarm when the quantity of breathing gas remaining
is between 20 and 25%. This requirement holds true for any orientation.

If the SCBA uses a vessel that holds a pressure above 24.8 psia, NIOSH requires that a
certification for the pressure vessel be obtained from the Department of Transportation
(DOT). If the proposed pressure vessel does not fit into any of the DOT standard classes, an
exemption can be requested. In the exemption, the company must present a plan to ensure
the exempt vessel provides the equivalent level of safety as similarly related DOT standard
vessels.

A third, commercial agency, the National Firefighters Protective Association (NFPA) also
levies requirements on gear to be used by emergency workers. Although NFPA approval is
not statutory and is not required by the Department of Energy, it is accepted by the SCBA
community as a standard for use in exireme conditions. NFPA approval attests that
equipment will function normally despite the following conditions:

* A maximum demand for air of 103 liter per minute.

12
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Severe vibration.

Exposure to a —25°F environment for 12 hours.

Exposure to a 160°F environment for 12 hours.

Exposure to a 203°F environment for 15 minutes, followed by a direct exposure to
flame for 10 seconds. It is understood that the unit may be irreparably damaged as a
result of this exposure, however it must continue to function during and immediately
following the test,

Use in a corrosive, salt-spray environment.

Exposure to sand and dust.

Besides these requirements imposed by regulatory agencies, OSS levied additional
requirements of the backpack to meet the needs of the commercial SCBA market. These
additional requirements constrained the design of the backpack so that it will;

Have a low profile and fit comfortably on the users back.

Evenly distribute weight to the wearer's back and hips and not ride up on the
wearer's back while bending.

Function with an OSS-designed liquid cooling garment.
Provide breathing gas at a comfortable temperature without the cooling function.

Require minimum maintenance and be logistically supportable from existing
commercial resources.

Be easily donned, used, decontaminated, refilled, and maintained.

Boil off not more than a pound of cryogen over a sixteen-hour period, and have a
full rated duration at normal work rates after 8 hours of boil-off.

Be competitively priced for a commercial market that includes fire fighters,
hazardous material workers, and industrial workers.

The complete set of requirements was compiled into a requirement matrix that specifies
each requirement, its source, the test method to verify the requirement, and any comments
on the requirement. A copy of the matrix is presented in Appendix A.

13
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3.4.2 Protective Garment Requirements

Protective clothing used for worker protection during hazardous waste management and -
handling activities (such as site characterization, removal actions, redemption,
decontamination, and decommissioning) should effectively isolate the worker from
substances harmful by skin contact. Specific design requirements include:

» Selection of materials which adequately prevent the penetration or permeation, as
appropriate, of hazardous substances at DOE sites (primarily metals, anions,
radionuclides, chlorinated hydrocarbons, fuel hydrocarbons, ketones, pthtlates,
PCB's, explosives, pesticides, alkyl phosphates; complexing agents, and organic
acids);

« Selection of materials which combine durability and physical hazard resistance with
light weight, flexibility, breathability, and related comfort properties;

* Use of seaming technologies and clothing interfaces (such as closures, sleeve to
glove attachments, pant cuff to boot attachments, and hood to respirator
attachments) which offer garment integrity consistent with either liquid or vapor
hazards, as needed;

» Design of garments which accommodate other clothing items or equipment to be
worn for additional protection;

+ Design of garments which provide a minimum impact on worker comfort, mobility,
and functionality to complete assigned tasks;

+ Sizing of garments to provide a good fit for the majority of the worker population;
« Design of garments to affect ease of donning, doffing, and decontamination; and

* Garment labeling to clearly identify the use and warnings appropriate to the
protective clothing item. '

In addition to these requirements, the Respiratory Advisory Committee (RAC) and the
Department of Energy require that all Level A and B suits used in Hazardous Materials
operations at DOE facilities are to be evaluated for construction and performance in several
areas. Testing is conducted by the Industrial Hygiene Group, Research and Development
Section of the Health and Safety Division at Los Alamos National Laboratory. The
evajuation is completed according to the Los Alamos document LA-10156-MS Acceptance-
Testing Procedures for Air-Line Supplied-Air Suits. Testing areas include:

1. Fit Factor Testing. This testing involves the measurement of inward leakage of
contaminants during both standards exercises and simulated work tasks.

2. Inducement of Heat Stress. This test examines physiological changes in the user
while wearing the protective suit.
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3. Temperature. The effects of temperature variations on the performance of the suit
and the level of protection provided are assessed.

4. Aging. Suit deterioration is investigated as related to storage and reuse.
5. Communications and Manipulation Tests. These tests include reading, writing,

dexterity, and performance of a cylinder repair operation to evaluate how the suit
impacts basic worker functions.

6. Noise Generation. The level of noise generated inside the suit is measured.

7. Air-Supplied Hose Performance. Air-supplied hoses, provided with some protective
suits, are evaluated for: (a) the strength of the connection to the suit covering, (b)
crush resistance, (c) non-kinkability, and (d) strength of hose and couplings by
means of rapid pulling test.

Los Alamos National Laboratory also evaluates any other areas of the protective clothing
found to be deficient during the above testing. Results from this testing are forwarded to the
DOE RAC for review. This group also sets a schedule for future periodic testing of the suit.

Requests for this testing are made using special request form (EH-412) to be forwarded to
the DOE Industrial Hygiene Programs Division. The form must be accompanied by a
statement regarding the need for the suit, Standard Operating Procedures entailing donning,
doffing, decontamination, storage, and reuse protocols, and a statement describing the
conditions under which the suit is to be used.

Coveralls and similar garments used in PPE should also be designed to meet ANSVISEA
101-1993, Size and Labeling Requirements for Limited-Use and Disposable Coveralls. This
standard sets minimum dimensions for key size-related areas of coverall and coverall-like
garments. It also addressed coverall labeling and packaging.

While not mandatory, Appendix B of 29 CFR 1910.120 recommends that protective suits
meet one of the following standards depending on the suit application. These standards
were referenced during the design of the AWPS protective garments,

« NFPA 1991, Standard on Vapor-Protective Suits for Hazardous Chemical
Emergencies;

« NFPA 1992, Standard on Liquid Splash-Protective Suits for Hazardous Chemical
Emergencies; and

+ NFPA 1993, Standard on Support Function Protective Garments for Hazardous
Chemical Operations.
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At the time 29 CFR 1910.120 was promulgated, these standards were still being developed.
Each of these standards have since then been adopted in 1990. Revisions to the standards
were made in 1994. Table 3-1 provides the equivalent EPA levels of protection for these
standards. '

Table 3-1: Protective Suit Types and Characteristics

Suit Design Type EPA Level Suit Integrity Material Performance
Encapsulating suit with AWPS A Gas-tight Resists permeation to
backpack worn  internally, chemicals with hazardous
attached or detachable gloves and vapors
boots (NFPA 1991 compliant)

One or two piece 'splash’' suit BorC Liquid-tight Resists penetration to

with PLSS worn either internally
or externally, integrated with
separate gloves and boots (NFPA
1992 or 1993 compliant)

chemicals which are
hazardous as liquids

4.0 Phasel

4.1 Overview

During Phase I, OSS developed and tested a full-scale prototype advanced worker
protection ensemble. The prototype ensemble included a liquid air backpack, a cooling
garment, and a protective garment. Sub-scale support equipment for the AWPS, such as a
recharge station, was also developed during Phase 1.

Initially during Phase T, OSS reviewed the requirements and established objectives for the
AWPS. The objectives were developed in part from feedback gathered during visits to three
DOE remediation sites. Based upon these objectives and requirements, OSS developed
general test protocols to be used during the full-scale development during Phase I1.

The input gathered during the DOE visits was also used to perform a life cycle cost/benefit
analysis. This analysis indicated that the AWPS will provide significant cost benefits to the
HazMat industry. The sensitivity analysis performed on the life cycle cost analysis showed
cost benefits even with the least favorable assumptions.

Both the requirements/objectives and the life cycle cost analysis were documented in a
topical report. The report entitled “ Performance/Design Criteria Review Topical Report”
was released in March of 1994,

Following the review of the requirements, OSS began developing the prototype ensemble.
To support the ensemble design and later testing of the system, OSS performed a Failure
Modes and Effects Analysis (FMEA) to identify potential problems with the design and to
ensure the system would be safe for manned testing. In-house testing was also performed
on various components and subsystems. This testing was intended to evaluate component
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and subsystem performance, and to test the functionality of various design concepts. The
data collected during this engineering evaluation phase was used to update the design.

Once the prototype ensemble was completed, it was tested at OSS in a series of manned
tests. This testing was intended to verify the system operation and functionality of user
interfaces, and to work out logistics and procedures for filling and operating the system.

Following the in-house manned testing at OSS, the system was successfully tested and
evaluated at Kansas State University (KSU). This independent evaluation verified the
AWPS’ positive effect on user safety, health, and productivity. The test subjects were able
to work for twice as long using the prototype AWPS compared to a standard SCBA. The
testing also provided important design information on system operation in a vanety of
environments that was used to drive the design during Phase II.

4.2 Phase | Ensemble Development

The functional schematic for the liquid air backpack developed in Phase I is shown in Figure
4.2-1. The key to this system is a dewar that can operate in all positions. OSS began Phase
I working on the design of an all position dewar that utilized a plastic, Liquid Crystal
Polymer (LCP), inner vessel housed inside a metal outer vessel.

4.2.1 Liquid Air Backpack

An LCP vessel offers several advantages over a metal vessel. The primary advantage is that
an LCP vessel can be easily injection molded to form the complex shape needed for the
dewar’s pickup mechanism. Such a manufacturing process would also be inexpensive when
producing a large quantity of vessels. It was also believed that a low thermally conductive
plastic vessel would reduce heat leak in the dewar.

OSS conducted an extensive study to identify the best plastic candidates. LCP was selected
over other plastic because of its low permeability, its high strength to weight ratio, good
cryogenic properties, low coefficient of thermal expansion, and because it is not toxic.

However, there are a host of design issues associated with a plastic, cryogenic pressure
vessel. These included 1) long term vacuum performance of the vessel, 2) tube connections,
3) sealing the vessel once it has been assembled, 4) burst pressure, 5) vessel weight, and 6}
long term structural performance of the vessel. During Phase I, OSS attempted to resolve as
many of these issues as possible.

OSS first tested LCP samples and various epoxies to ensure a glued LCP vessel can
maintain the dewar vacuum. LCP has a very low permeability rate when compared to other
plastics but not when compared to metals. Consequently, we were concerned the LCP
would allow gases to diffuse into the annulus space between the inner and outer vessels and
degrade the vacuum. Degradation of the vacuum can significantly increase heat transfer to
the inner vessel. An increase in this heat leak will reduce the backpack’s storage time, an
important parameter for a commercial liquid air backpack.
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Figure 4.2-1: Phase I Backpack Schematic

0SS measured the helium leak rates of a variety of LCP samples. These samples included
plain LCP disks, LCP disks with sealed aluminum tubes glued into them, and LCP disks
with glue joints in them. The leak rates measured were very low, 1 x 10” ce/sec range. We
estimated that a two-hour inner vessel with this leak rate could hold an acceptable vacuum
for well over a year.

Following the material testing, we began to develop finite element models of the inner
vessel. Finite Element Analysis (FEA) was used to develop a ribbed vessel design that
provided the needed factors of safety. Once the design was completed, OSS subcontracted
the fabrication of a mold for the inner vessel halves; the inner vessel halves are to be glued
together at their perimeter during assembly. A picture of the vessel design is presented in
Figure 4.2-2,

Once the molds were completed, twenty LCP vessels were molded. Several vessels were
glued together and pressurized to failure in a series of hydrostatic and cryogenic burst tests.
The vessels were bursting at less than 130 psig, only slightly more than twice the expected
operating pressure of 60 psig. The vessels were designed to burst at 300 psig.
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Figure 4.2-2: Initial Inner Vessel Design

It was thought that the low burst pressure was due in part to warping of the vessel edges.
This warping may have significantly reduced the strength of the perimeter glue joint and
caused the vessel fo burst at a much lower pressure than expected. The molder felt
confident the warping could be eliminated with minor modifications to the mold. However,
the modifications could not be completed and new vessels molded by the end of Phase 1.

Since the plastic inner vessel would not be ready to support the independent evaluation at
KSU, OSS decided to develop a metal inner vessel. The metal inner vessel was first
analyzed using a finite element model. The exterior of the vessel was to be smooth, have no
ribs. As a result, the vessel was axi-symmetric, which greatly simplified the finite element
analysis.

The inner vessel design was completed and two vessel halves were machined from 6061
aluminum. When welded together, the vessel had the same interior shape as the LCP vessel.
It was sized to hold approximately 14 pounds of liquid air, the amount needed to provide a
NIOSH duration of 2 hours. '

In a parallel effort with the analysis, design, and molding of the inner vessel prototypes,
OSS worked on the design of the pickup mechanism, the capacitance gauge, the suspension

system, and the outer vessel. Pictures of these initial designs are presented in Figures 4.2-3a
and 4.2-3b.
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Figure 4.2-3a: Phase I Prototype Inner Vessel Design

Figure 4.2-3b: Initial Vessel and Sspension System Designs
In this design, the inner vessel pickup mechanism maintains the vent line in the ullage space
above the liquid and a liquid inlet at the lowest point of the inner vessel in all orientations.

Liquid that is withdrawn from the pickup mechanism goes through the Liquid Hub and
Liquid Line into the Vaporizer, a tube-in-tube heat exchanger.

The pickup mechanism design used three dynamic seals. Two of the seals allowed the

mechanism to rotate about the vessel’s axis of symmetry, and the third seal allowed the
“taco-shaped” piece on the end of the liquid inlet to rotate and access all of the liquid in the
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inner vessel, regardless of orientation. During the development of the design shown in
Figure 4.2-3b, OSS tested the reliability and friction of different seal designs and materials.
These seals must have extremely low friction. If not, the pickup mechanism may stick and
allow the liquid inlet tube to be exposed to the ullage gas. If this happens during operation,
the dewar pressure would drop quickly and the system may no longer maintain a positive
pressure in the facemask or not provide sufficient air to the user,

After testing several seals, a final design was detailed and a pickup mechanism developed
for the metal inner vessel.

The capacitance gauge was developed to interface with the pickup mechanism. The gauge
consists of two parallel, metal plates separated by thin nylon washers and bolted together
with nylon bolts and nuts. The plates rotate with the pickup mechanism and provide a fairly
constant capacitance reading for a given fill level regardless of orientation. The shape of the
gauge plates was developed using extensive CAD modeling and analysis.

The gauge plates were fabricated, assembled, and successfully tested in a breadboard
fixture. The plates were finally integrated into the metal inner vessel during assembly.
Once the dewar was completely assembled, the system was tested in various orientations.
The capacitance gauge provided accurate readings in all orientations.

The suspension system developed during Phase I consisted of two cones, as indicated in
Figure 4.2-3c. The bases of the cones fit inside dimples in the outer vessel and the tops of
the cones fit around the center of the inner vessel hubs.

The cones fabricated for the prototype backpack to be used in the KSU evaluation were
made from fiberglass and epoxy. A mold was made and the cones were hand laid on the
mold.

During the design of the suspension system, OSS performed load testing of prototype cones
to ensure they could withstand the loads generated by the inner vessel internal pressure and
the outer vessel vacuum loads. OSS also performed vacuum compatibility tests to ensure
the fiberglass and epoxy would not off gas enough to significantly degrade the dewar’s
vacuum. These tests indicated the materials were acceptable. .

The remaining primary dewar component worked on during Phase I is the outer vessel.
OSS initially wanted to use titanium for the metal outer vessel. The vessel must carry
vacuum loads without buckling and so must be extremely stiff. As a result, titanium is an
ideal material,

Unfortunately OSS could not find a cost effective methods for fabrication a titanium outer
vessel or a reliable method for sealing the tubes running from the inner vessel out of the
outer vessel. Initially we tried to use o-rings that sealed on the tube’s outer surface. These
seal however leaked when the tubes were cooled to cryogenic temperatures.
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As a result, OSS decided to develop an aluminum outer vessel. The outer vessel was added
to the finite element models built for the inner vessel and the suspensions. This combined
model was used to analyze stresses and deflection in the outer vessel. A detailed outer
vessel was developed using the FEA results. Two outer vessel halves were then machined
out of 5054 aluminum. Flanges were added to vessel halves to allow them to be easily
assembled and disassembled.

Aluminum brackets were welded to the outer vessel to interface with a harness and the
bottom box. A commercially available pump out port was also welded to the side of one of
the vessel halves. This port was used to evacuate the dewar. A valve operator allows the
plug inside the port to be removed and the dewar evacuated. When the dewar is evacuated
the plug is replaced to seal the outer vessel. The plug relies on two circumferential o-ring
seals to prevent gas from leaking in through the pump out port. The port can also act like a
relief device the outer vessel from over pressurizing in the event the inner vessel leaks into
the vacuum space. Any pressure in the vacuum space substantially higher than ambient will
blow the plug out of the port and vent the high pressure.

The tubes running from the inner vessel to the outer vessel, including the vaporizer, were
made from aluminum and were welded to both the inner and outer vessels. The vaporizer
was also made from aluminum. The vaporizer is a tube-in-tube heat exchanger that warms
the liquid air to a breathable temperature and in the process chills the LCG water. The
vaporizer is located in the dewar’s vacuum space to reduce heat transfer from the
environment to the liquid air flowing through it. '

During Phase I, OSS tested various vaporizer designs in a small vacuum chamber to
evaluate their performance. The data obtained was also used to size the vaporizer.

OSS also developed the components needed to complete the backpack. Brief descriptions of
these components are provided in the following paragraphs.

LCG Pump ad Vaporizer: The LCG Pump drives the water through the Vaporizer and the
Liquid Cooling Garment. The pump is a positive displacement gear pump driven by a DC
motor. The pump head and gears are made from plastic to minimize the pump’s weight, A
spring energized Teflon shaft seal is used to seal the motor shaft as it enters the pump head.
The Vaporizer is specially designed to protect it from damage that could occur when the
water freezes, and for forced de-icing of the vaporizer so that the AWPS can be put back
into service quickly if a freeze occurs.

Ambient Heat Exchanger: If, due to a LCG Pump failure, the Vaporizer water stops
flowing, the liquid air flowing through heat exchanger would freeze the water. As a result,
the air exiting the Vaporizer would get progressively colder. The Ambient Heat Exchanger
(AHX) is located outside of the dewar and is connected to the Vaporizer outlet. The AHX
ensures the air exiting the Vaporizer is warmed to a breathable temperature prior to delivery
to the user. It consists of a length of finned tubing and relies of natural convection with the
ambient air to warm the air to a breathable temperature.
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Pressure Control System Components: As liquid is drawn from the dewar, the pressure
would normally drop. Therefore, a method known as self-pressurization is used to maintain
the system pressure. In addition to the Liquid Line from the Liquid Hub, there is also a small
Self-Pressurization Line. Cryogen is withdrawn from the dewar and vaporized below the
liquid level in the vessel. This gas is at a pressure differential higher than the pressure in the
- vessel equal to the hydrostatic head between the two levels. This gas flows to the Pressure
Closing Valve (PCV). The PCV remains closed until the pressure in the dewar drops below
the operating point, When this happens, the PCV opens, allowing the higher pressure self-
pressurization gas to flow into the dewar through the Vent Hub.

In the line between the PCV and the Vent Hub is a Relief Valve and a Burst Disc. The
Relief Valve vents excess pressure due to cryogen boil off. This is most likely to occur
when the backpack has been filled with liquid air and set on the shelf. Heat leak into the
inner vessel will cause the liquid air to boil and the pressure in the inner vessel to rise. If the
Relief Valve were not present, the pressure would eventually climb high enough to rupture
the inner vessel.

The use and sizing of relief valves was a particular concern with this dewar. The all
aluminum construction of the Phase I prototype resulted in a relatively large heat leak rate,
compared the materials used in the Phase II backpack. The Burst Disc provides redundant
pressure relief in the event of a relief valve failure.

Valves: A Shutoff Valve after the AHX is used to control the flow to the Face
Mask/Regulator and Metering Valve, turning the system on and off. An Interspiro Face
Mask/Regulator was used for the Phase I AWPS because its ability to operate at the 60 psig
inlet pressure, the operating pressure of the inner vessel.

The Metering Valve is used to control the cooling rate by adjusting the cryogen flow
through the Vaporizer. Higher breathing flow rates result in larger cryogen flows and
therefore more heat exchange with the LCG water. The user's breathing rate will be a
function of the work rate and the cooling level will track the work rate. However, additional
cooling may be desired. The Metering Valve allows the user to increase cryogen flow
through the Vaporizer and therefore his/her cooling rate.

The 3-Way Valve also in that section of tubing has two positions. In one, it routes the self-
pressurization gas to the ullage. In the other, it is used to vent the dewar as it is filled. The
AAPD is filled through a cryogen compatible Fill Check Valve to a separate port in the side
of the Inner Vessel.

Sensors and Electronics Board: Several sensors were packaged in the dewar to monitor
system performance. A pair of pressure switches monitored the system pressure and
indicated if it rose too high or dropped too low. A temperature sensor was located in the
LCG loop after the vaporizer to monitor the outlet water temperature. If the outlet water
temperature drops too low, the vaporizer is in danger of freezing,
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These sensors, the pump, and the capacitance were all interfaced with a custom electronics
board developed by OSS during Phase 1. The electronics board was housed in a small
* plastic case and mounted below the dewar. The electronics board also controlled the user
display discussed in the following section and an audible alarm. When the liquid air in the
dewar reached the %4 full level, the electronics board triggers an audible alarm located in the
backpack, per NIOSH requirements. For the AWPS, this occurred with 30 minutes of time
remaining when breathing at the standard NIOSH rate. Consequently, a "snooze" button has
been added. However, when the volume reached 1/8 full, the button was disabled and the
audible alarm remained on.

4.2.2 Face Piece, Regulator, Helmet, Communications

An Interspiro face piece, regulator, and hose assembly were selected to supply the user with
air from the backpack, as required. This equipment was selected because of the regulator’s
ability to operate with a source pressure of 60 psig, and because the equipment was already
used in existing NIOSH certified SCBAs. A picture of the equipment is presented in Figure
42-4.

The Interspiro equipment was tested on a breathing machine to ensure it could deliver the
required flows and maintain positive pressure at the low operating pressure of the AWPS.
The testing indicated the regulator maintained a positive pressure at the standard NIOSH
breathing rate of 40 SLPM. However, the regulator could not maintain a positive pressure at
much higher breathing rates, such as the at the maximum NFPA rate of 100 SLPM. This
was judged acceptable for Phase I, and did not effect any manned testing.

During Phase I, OSS integrated an off-the-shelf helmet and communication system with the
face piece. The communication system was modified to mount directly to the Interspiro face
piece. The communications system (a standard commercial grade VHF radio set) was
modified with a mask mounted microphone and a harness mounted push-to-talk switch.
These were tested for operation and integration. The switch, while large enough and with
sufficient tactile feel to be operated through the protective garments, was difficult to mount
where it would not interfere with other items of the ensemble. The microphone was found
to be too sensitive and mounted too close to the face piece speaking diaphragm.
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Figure 4.2-4: Interspiro Face Piece

A System Status Display was also mounted on the face piece to allow the user to monitor
the system. The display consisted of a series of LED bars. A red or yellow LED
illuminated if the pressure in the dewar became too high or too low respectively. A blue
LED illuminated to warn the user the vaporizer may be in danger of freezing and that the
metering valve should be closed.

The display also used 8 green LEDs to indicate the quantity of liquid air in the dewar. The
LEDs turned off as the dewar was emptied. When the liquid air level reached 3/8 full, the
last LED turned red and the other two LEDs, the ones for the % and the 3/8 level, turned
yellow.

Testing during Phase I indicated that the display was easy to understand. However, the size
of the display must be reduced to block less of the user’s field of view. Brighter LEDs will
also be needed to ensure the user will be able to see the smaller display. The position of the
display also needs to be optimized. The position may need to be adjustable to accommodate
both users who are right-eye and those who are left-eye dominant.

4.2.3 Liguid Cooling Garment

A new patch liquid cooling garment was developed during Phase I. This LCG consisted of
stretchable material with plastic patches sewn to the inside and connecting tubing located on
the exterior of the garment. Water was circulated through parallel flow passages in the
patches. A picture of the LCG is presented in Figure 4.2-5.
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Fgure 4.2-5; Phase  LCG

During Phase I, OSS characterized the heat transfer capability and other performance
aspects of the new LCG and compared them to other LCGs. In addition, we evaluated
several construction techniques and design concepts for the patches. While the patches
developed in Phase I were acceptable for the manned testing, a more robust design and
construction technique developed as part of an OSS internal research project will probably
be used in the Phase II system.

The comparisons with other LCGs showed that the AWPS LCG has a much lower pressure
drop (which allows a smaller pump and battery) than the tube LCGs. The comparisons also
showed that the new patch LCG was able to remove more metabolic heat then any of the
commercially available tube type garments. The performance of NASA’s tube LCG was
comparable to the patch garment. The NASA LCG is custom made and used by NASA
astronauts during spacewalks. It has approximately twice the length of tubing and number
of circuits as commercially available tube type LCGs. Consequently, the suit is much more
expensive than other tube suits. It also costs considerably more than the projected sales
price for the new patch LCG.

4.2.4 Protective Garments

Based upon the three DOE site visits, OSS decided to test both a Level A and a Level B suit
in the KSU evaluation. The two suits are described in the following two sections.

4.2.4.1 Level A Suit
A review of existing vapor protective suits currently on the market showed that the
commercially available Chemfab “Challenge 6400” met the requirements of the AWPS. A
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training version of the Chemfab suit was obtained and used for prototype testing. Figure
4.2-6 is a photo of the Chemfab suit.

Figure 4.2-6: Level A Suit

A standard “Challenge 6400 vapor protective suit is reusable with the following
characteristics:

Integral visor, detachable gloves, and sock-like booties and will be worn over the
worker and the PLSS.

The hood area of the suit provides ample room for a worker to wear a hard hat,
respiratory face mask, and communications set.

The back area of the suit has an expanded pouch-like protrusion to accommodate
wearing of the PLSS backpack.

An inner and outer glove system is used. Outer gloves are Brunswick neoprene
gloves with North Silver Shield inner gloves. Gloves are mounted to a hard ring
fastened to the end of the suit sleeve. Glove mounting will be accomplished by using
a low profile nylon or acetal tie down strap. The glove interface area is covered by a
splash shield consisting of the garment material and extending three inches down
over the interface area from the forearm area.

Booties are fully integrated into the termination of the suit leg. Splash guards

consisting of the garment materjal are provided to prevent liquid accumulation into
the outer boots. Bata Shoe HazMat boots will be used as the outer boots.
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6. Garment seams (on full production units) are heat sealed and taped on both sides.
The garment to visor interface is heat sealed with heavy duty taping on both sides of
the seam.

7. The suit closure consists of a gas sealing (on full production units) zipper located on
the suit back. The zipper begins at the head region and extends to the upper left thigh
region of the suit.

8. Suit sleeves allow the wearer to withdraw his or her hand into the suit interior.

9. The visor consists of 10 mil Teflon FEP sized to provide adequate side-to-side and
top-to-bottom vision.

4.2.4.2 Liquid Splash Protective Suit (Level B/C)

The liquid splash protective suit was designed by OSS specifically for the AWPS and has
the following characteristics. An initial pre-prototype liquid splash-protective suits
incorporating these features was fabricated by OSS. Subsequent prototype suit were
fabricated by Mar-Mac Manufacturing Company, an established maker of chemical
protective clothing in the industry. Mar-Mac Manufacturing was chosen because of the
access to and experience with the chosen material (available from E.I. DuPont deNemours
& Company) together with their specialized protective clothing heat sealing capabilities.
Mar-Mac Manufacturing is one of two companies which routinely fabricate suits from the
Tychem 9400 material for commercial applications.

All components used in the construction of the liquid splash-protective suit are
commercially available. These choices were made to keep the manufacturing cost of the
suit in line with similar products. What is unique about the liquid splash-protective suit
prototypes is the design that is currently not found on any product available in the market
place.

1. Itisatwo piece garment with coverall and hooded shroud consisting of overalls with
suspenders and splash hood with visor and full sleeves with gloves. It will be worn
with the PLSS outside the overall but inside the splash hood.

2. The suit hood has a 20 mil PVC visor.

3. Brunswick coated knit neoprene gloves are used with the suit. Gloves are mounted
to a light-weight, plastic hard ring fastened to the end of the splash hood sleeve.
Glove mounting is accomplished using a Delrina or acetal cable tie. The glove
interface area is covered by a splash shield consisting of the garment material and
extending three inches down over the interface area from the forearm area.

4. Booties are fully integrated into the termination of the suit leg. Splash guards

consisting of the garment material are provided to prevent liquid accumulation into
the outer boots. Bata Shoe HazMat boots are used as the outer boots.
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5. Garment seams are sewn and taped on the outside.

4.2.4.3 Comparison of Liquid Splash Protective Suit Configurations

A comparative study was conducted to determine the optimum configuration of the prOJect
liquid splash protective suit. Three different options were selected and compared in terms of
different features and their affect on wearer comfort and job effectiveness:

1. Option 1 involved a two-piece design. The first piece was a standard coverall with
full sleeves and aitached gloves and sock-like extensions of the trouser legs
(booties). The second piece was a hooded cover with integrated visor, half length
elasticized sleeves, and a bottom hem positioned near the waistline of the wearer.

2. Option 2 also involved a two-piece design. Unlike Option 1, the first piece was an
bib-style overall with adjustable suspenders and no sleeves. This overall did
include booties as in Option 1. The top piece was hooded top with integrated visor,
full sleeves, attached gloves, and a bottom hem positioned near the waistline of the
wearer.

3. Option 3 was a one piece design similar to the Level A Vapor-Protective Suit but not
of a gas-tight construction. This design included an integrated visor, full sleeves
- with attached gloves, booties, and rear-entry closure provided with a cover flap.

Each option used outer boots worn over the booties for providing physical protection to the
wearer's feet. Figure 4.2-7 illustrates each of the liquid splash suit configurations
considered.

Each option was evaluated in terms of:

- cost (simplicity),

- mobility in terms of reaching, bending, and kneeling,

- relative comfort during operational use,

- relative comfort during non-operational use, such as before connection of the
PLSS/LCG systems,

- ease of donning and doffing

- ability for wearer to don and doff suit without assistance,

- potential for contamination of wearer during operation,

- ability to prevent contamination of wearer and PLSS during doffing,

- number of sizes needed to achieve appropriate fit of most wearers,

- potential problems with PLSS and LCG interfaces, and

- overall relative fit,
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Figure 4.2-7: Level B Suit Configurations

A weight between 0.3 and 1 was assigned to each rating area based on OSS's perception of
DOE requirements and needs in combination with project objectives. Each characteristics
of the considered design configurations was rated using a 1 to 10 scale. A composite score
was calculated using the product of the weight for each characteristic and the rating. This
composite score was used 'to rank the three options. Using this system, Option 2 (full
hooded top with bib-overall) yielded the highest score, followed by Option 1 (standard
overall with short-sleeved hooded top. The encapsulating suit (Option 3) provided the
lowest score-primarily because low relative comfort compared with other options and the
inability to perform self donning and doffing. The individual scores and results are provided
in Table 4.2-1.

4.2.4.4 Planned Garment Testing

Initially, a number of tests were designed to evaluate each of the protective clothing suits
and their components. Planned evaluations of the Level A Vapor-Protective Suit Prototype
included seam and closure strength, gas-tight integrity of the overall suit, and ensemble
integrity, fit, function, and comfort.

Similar evaluations were established for the Level B Liquid-Splash Protective Suit
Prototypes, including seam and closure strength liquid-tight integrity of the overall suit, and
ensemble integrity, fit, function, and comfort.

However, the selection and design of the protective clothing obviated the need for all but the
ensemble integrity, fit, function, and comfort tests. The vapor-protective suit chosen was a
modification of existing commercial design, which has already been evaluated for the
performance requirements of NFPA 1991, Standard on Vapor-Protective Suits for
Hazardous Chemical Emergencies. Likewise, the selected liquid-splash protective suits uses
a material where seam strength has already been demonstrated to meet the requirements of
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NFPA 1993, Standard on Support Function Protective Clothing for Hazardous Chemical
Operations. Since the liquid splash-protective suit has designed without a closure system,
no testing of closures is necessary.

Table 4.2-1: Level B Suit Evaluation Results

OPTION 1

Two-Piece

Coverallw/Gloves
and Sep. Splash
Hood w/Short

Sleeves

OPTION 2

Two-Piece

Cverall w/
Suspenders and
Sep. Splash Hood w/
Gloves

OPTION 3

One-Piece
Integral Hood and
Gioves in Full
Coverall

Considerafions

Weight

Score
i-10

Weighted
Score

Score | Weighted

1-10 Score

Score
1-10

Weighted
Score

Comments

NFPA 1992 Water
Spray Test

10

10

10 10

8 8

Opt. 3: Dificully expected In sealing
“ziplock® top end

Gost (Simplicity)

8

6.4

9 7.2

10 8

Opt. 1: Coverallre quires zipper, "ziplock"
upper forso and collar plus splash hood
Opt. 2: Buspenders required plus splash
hood

Opt. 3: Zipper/“ziplock” required

Mo bility - Reach, bend,
kneel

10 10

Opt. 1and 3: One piece design may be
restrictive during bending, kneeling,
squatting motions

Opt. 2: Two piece design and elastic
section In suspenders should zid mabity

Comfort During
Operational Use

10 10

Opt. T and 2: Two piece design allow
some upper torso rotation wirespect to
coverall or overall

Opt 2: Sleeveless overallis less
restrictive under splash hood

Comfort During Non-
Operaticnat Use i.e,
before PLSS/ILCG
cohnection

6.4

10 8

Cpt. 1: Wearer will quickly becorne
uncomfortable with closures open since
hands, ams, and most of upper torso is
not cooled

Opt. 2: Wearer may remain in overalls
and don PLSS/splash hood immediately
before leaving suit-up area,

Opt. 3: Since PLSS is donned before
suit, wearer will have added weight plus
have most of body covered with hood
open and PLSS not operating.

Ease of Don/Doff

10 8

10

Opt, 1: Some interference expected at
shoulders during don/doff, Dificult fo
operate zipper/'ziplock™ and adjust
hamess/mask with gloved hands

Opt. 2: Splash hood donned after PLSS
hamess/mask installed and removed first
during doffing.

Opt. 3: Wearer ¢an adjust PLSS and
mask before donning suit. Assistant
required for suit donning and closing
Zipper/ziplock".

Self Don/Doff (yesmo)

10

10

10 10

Opt. 1and 2 can be donned/fdoffed by
wearer

Opt, 3 cannot be donnedfdoffed by
wearer

31




Oceaneering Space Systems AWPS Final Report

Table 4.2-1: Level B Suit Evaluation Results (cont.)

OPTICN 1 OPTION 2 OPTION 3
[Two-Piece [Two-Piece One-Piece
Coverall wiGloves [Overall wf Integral Hood and

fand Sep. Splash {Suspenders and |Gloves in Full
Hood wiShort Sep. Sptash Hood [Coverall

Sleeves wil Gloves
Considerations Weight { Score | Weighted | Score |Weighted | Score |Welghted Commerts
1-10 Score 1-10 Score 1-10 Score

Contamination 1 8 8 9 g 8 8 Opt. 1 and 2: Slight potential for leakage exists

protection of user due totwo piece design

during operatlon Opt. 1: Slight potential exists for leakage at
bottom of entry zipper/*ziplock”
Opt. 3: Slightly greater potential exists for leakage)
at top of entry zipper/"ziplock”

Contamination 1 8 8 8 8 8 8 Scored on degree o difficulty to urn

prevention of user contaminated exterior sufaces inside-out and

and PLSS during away from wearer during egress

doffing Qpt. 3 requires assistant

Sizing - Number of 5 6 3 B 3 10 5 Opt. 1 and 2: 4 coverall or overall sizes + 3 splash

sizes required hood sizes :
Opt. 3: 4 one piece suit sizes

Interface problem: 7 8 56 8 56 10 7 Opt. 1 and 2 require pass-throughs for LCG and

pass-throughs for air venting in coverallfoverall,

and water ’ Opt. 3: No pass-throughs needed

connections .

Fit 7 56 10 7 7 49 @pt. 1 and 3: No torse length adjusiment

8 Opt. 2: Some torso length adjustment provided
with suspenders
Opt. 3: Large torso to accomodate PLSS and
don/doff may shift in position relative to wearer
Totals (weighted) 84 95.8 78.7 (103 possible total)
RANK 2nd 1st 3rd

Initial testing of the garments indicated that specifically qualitative assessments of the
garments’ integrity, fit, function, and comfort, should postponed until Phase I where sizing
schemes were incorporated in the suit design and thus provide a more appropriate evaluation
of these suit characteristics.

4.2.5 Recharge Station

The sub scale recharge station underwent extensive development testing to optimize
efficiency. Operating pressures and components were adjusted to minimize the amount of
consumables (industrial grade liquid nitrogen and compressed breathing air) used and time
required for a recharge of the AWPS backpack. Times for a recharge varied from 40
minutes with both the recharge station and backpack warm to 7 minutes with both already
chilled (i.e. - after a previous test). The consumable usage rates were also used to estimate
the amounts needed for testing at KSU. :

The oxygen percentage of the air at the user’s mask was also tested. This is concern because
in a liquid oxygen / nitrogen mix (liquid air) the nitrogen, because it has a lower boiling
point, will boil off preferentially to the oxygen, resulting in an enriched air mixture. This is
not an issue while using the AWPS, because the air mixture is forced through the vaporizer
and all of the components are forced to boil at once, with the user receiving the same
percentage of oxygen as the mixture stored in the backpack. However, when filling the
backpack, the backpack must first be cooled down to liquid air temperature. While the
initial liquid air is cooling the backpack, more nitrogen boils off than oxygen, causing the
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mixture stored in the backpack to be a slightly higher oxygen percentage than the
compressed air source. The testing demonstrated that, with an air source (~ 21% oxygen),

the oxygen concentration in the backpack would not exceed the regulatory definition of air -
23.5%.

4.2.6 In-House Manned Testing

Once the ensemble for the KSU evaluation was developed, OSS performed a series of
manned tests with the system. During these tests, subjects exercised on a Nordic Track or a
treadmill wearing the I.CG, the backpack, and a Level B suit. A picture of the test is
presented in Figure 4.2-7.

Figure 4.2-7: Phase I In-House Manned Testing

Data was taken and analyzed to evaluate the system’s performance. However, the testing
was mainly intended to verify operation of AWPS with human user, work out logistics and
procedures for KSU testing, and evaluate integrated system operation. The system worked
well during the in-house testing and by

4.3 Failure Mode and Effects Analysis

During Phase I, a Failure Modes and Effects Analysis (FMEA) was conducted on the
AWPS to identify failures or combinations of failures that could allow the user to be injured,
damage the backpack, or cause a user to withdraw from an operation carly. The FMEA
documents each component or component assembly in the system, along with function,
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failure modes and causes, failure effects, detection methods, corrective actions, and
criticality category for each failure mode. The worksheets created for this analysis can be
found in Appendix A of the AWPS Phase I Final Topical Report.

The FMEA was performed using Requirements for Preparation and Approval of Failure
Modes and Effects Analysis (FMEA) and Critical Items List (CIL), NSTS 22206 Rev C as a
guideline. Failure modes for the analysis were determined regardless of likelihood and show
the worst case failure. The effects on the backpack unit, user, and operation are also worst
case. The following are definitions of the terms used in the analysis.

- Hardware Criticality: The categorization of the singular effect of the identified
failure mode of a hardware item using the rankings in the following table.

Hardware Potential Effect Of Failure
Criticality
1 Injury to user.
2 Halt operation, or next failure of any redundant item
could cause injury.
3 All others.

- Functional Criticality: The categorization of the effect of loss of all redundancy for a
given function using the rankings in the following table.

Functional Potential Effect Of Failure
Criticality
1 Single failure could result in injury.
IR Redundant hardware item(s), all of which if failed could
cause injury.
2 Single failure could result in halting operation.
2R Redundant hardware item(s), all of which if failed could
result in halting operation.
3 All others.

During the analysis, the failure modes for all of the components were identified, and the
impact of that failure assessed. Any loss of functionality due to the failures was also
identified. Failures that caused loss of functionality were than grouped together and the
failures were assigned a hardware and functional criticality.

The criticality summary of the AWPS is as follows:

Criticality Number of Failure Modes
2/1R 1
22 30
212R 2
3/1IR 3
33 7
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The only failures identified that can result in injury involve multiple failures in pressure
control components or combined failures that overload the Ambient Heat Exchanger. In
order for a failure of the pressure control components to cause injury, some failure, such as
loss of vacuum, would have to be coupled with the Relief Valve failing closed and the Burst
Disc failing to burst at the design pressure. This could cause enough pressure top build up
in the Inner Vessel to cause a rupture. However, this could be prevented by opening the
Vent Valve or Metering Valve to vent system pressure. The High Pressure Warning light
also gives the user indications that the equipment is not performing within normal
parameters and that they should remove themselves from the operation.

In order for the Ambient Heat Exchanger to be overloaded, the Metering Valve would have
to fail open or be left open and the Mask Regulator would have to fail open after a Pump
failure causes the Vaporizer to freeze. This could cause more cold gas flow through the
Ambient Heat Exchanger than it was designed to handle therefore the gas coming to the user
could become very cold.

The rest of the backpack failure modes do not result in any harm to the user but indicate that
the backpack is not performing properly. In these cases, the user should go to a designated
area, and take the pack off for servicing. The backpack could continue to provide life
support but should be doffed. This is similar to a regulator failure on an SCBA. The bypass
valve can be opened the system would still provide air for a much shorter duration so the
pack should be removed. With the AWPS, cooling could be lost or the Relief Valve could
be venting excess pressure, but the system will continue to support life. Electronic systems
failures will not effect system performance at all, but the ability to monitor the system is
lost.

4.4 Life Cycle/Cost Benefit Analysis

Visits to three DOE remediation sites (Fernald, Oak Ridge, and Hanford) yielded the
information necessary for determining the life cycle costs for Personal Protective Equipment
(PPE) used in the existing ensembles. This information has was entered into a life cycle cost
model to predict the LCC of current ensembles. The same model was used to calculate the
LCC for the proposed AWPS , and the numbers were compared.

A detailed derivation of the model and all component costs is included in the first Phase 1
topical report, “Performance/Design Criteria Review Topical Report - Advanced Worker
Protection System”. Also included in that report is a sensitivity analysis of all the major
variables. Following is a brief description of the model, and updated costs based on current
design and testing data.

Specific life cycle cost information was gathered at each of the sites using an elaborate
survey and interview process. This information included:

The number of missions (sorties) involving PPE;

The number of individual PPE uses;
The expected number of uses for each PPE item (service life);
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The number of PPE uses for each maintenance cycle;

The proportion of PPE use activity involving high, moderate, or low work rates;
The proportion of PPE use involving Level A or B protection;

The specific PPE items in use and their purchase costs or sources;

Consumable and their costs associated with each of the PPE items; and

Labor costs associated with each of the PPE items,

In some cases exact data was not available for an item, and estimates were used.

4.4.1 Development of Model
The life cycle cost of PPE is based on costs associated with:

Purchase;

Operations;

Cleaning or decontamination;
Maintenance and repair;
Storage; and

Disposal.

Incumbent in these costs are both labor and material costs. For example, the purchase price
for the PPE includes not only the price paid for the item, but the time spent ordering the
item, receiving the item, and putting the item into service. Operating costs include both labor
and supplies needed to replenish the system. The same is trae for maintenance (repair),
storage, and disposal costs.

In its simplest form, the total support cost (T) is the sum of each of these costs:

T=P+O0+C+M+S+D
where: '
Total support cost

Purchasing costs

Operating costs

Cleaning and decontamination costs
Maintenance and repair costs
Storage costs

Disposal costs

J®nZaoT-
I

For the complex PPE ensembles used in DOE remediation operations, these costs are
calculated for each major item of the ensemble, i.e. the respirator, the protective clothing,
the cooling system, the communications device, and the support equipment, In comparing
ensemble costs, only those items that are different need be considered. Furthermore, the
costs for the different items must cover an equal amount of work to provide a correct
comparison of the LCC for a given project. In this study, the total PPE support costs for a
specific job (with a defined amount of actual work) was chosen as the basis for providing
the LCC estimates.
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Different variables affect each of the cost areas identified in the previous equation. Some
costs are based on the number of uses, while others are based on the number of missions
involving PPE use or the total number of items in use. In addition, since tasks and
consequent PPE item selection vary, the model must account for differences in work
activity. For example, heavy work activity will more rapidly consume breathing air supply
(for SCBA), increase clothing wear, and create the need for maintenance or disposal. Costs
also vary based on the type of worker protection needed, i.e., EPA Level A versus Level B
protection. Table 4.4-1 below lists the different variables involved in determining the costs

in each PPE cost area.

Table 4.4-1: Model Variables for Each Cost Area

Cost Area

Item Specific?

Model Variables

Purchase

Yes

Number of PPE uses per year
Number of uses per PPE item
PPE item purchase price

PPE purchasing hours
Purchasing hourly labor rate

Operations

Yes

Number of PPE uses per year
Ratios of low, moderate, and
high work level activity
Consumable costs

Worker labor hours

Worker hourly labor rate
Indirect labor hours

Indirect hourly labor rate

Cleaning and Decontamination

Yes

Number of PPE uses per year
Number of missions per year
Consumable costs

Proportion of Level A/B use
Decontamnination labor hours
Decontamination hourly labor rate

Maintenance and Repair

Yes

Number of PPE uses per year
No. uses per maintenance cycle
Ratios of low, moderate, and
high work level activity
Consumable costs
Maintenance labor hours
Maintenance hourly labor rate

Storage

Yes

Number of PPE uses per year
PPE item purchase cost

Disposal

Yes

Number of PPE uses per year
Number of uses per PPE item
PPE item purchase cost
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4.4.3 Determination of Specific Benefits

After the total support costs for the ensemble are calculated, these costs can be factored with
benefits achieved from the improved system. Benefits are quantitatively determined in two
areas: ‘

1. Improvements in worker productivity allowing employees to spend more time
actively performing tasks, and

- 2. Improvements in worker protection and thus lower costs in medical care and long
term liability costs,

4.4.3.1 Worker Productivity '

Improvements in worker productivity can be directly determined by comparing the number
of additional work hours afforded by the AWPS. The operational life cycle costs show the
average number of hours for cach level of work activity. These hours are based on the
combination of both rest and actual work time. The proportion of actual work to rest time
can be determined for each ensemble. This ratio can then be used to calculate the amount of
additional actual work that may be accomplished with the AWPS from measures of the total
work time required to complete specific tasks at the different work levels. It is important that
the level of work activity be considered since the provision of cooling from the AWPS is
expected to have somewhat different impacts on increasing actual work time.

4.4.3.2 Worker Protection
The benefits of increased worker protection require several assumptions, specifically:

* Prediction of the proportion of workers who will receive various exposure-related
injuries; '

* An estimate of the average costs associated with treatment for exposure-related
injuries; and

» Determination of probable liability costs for exposure-related injuries.

Calculation of this benefit was determined independent of the life cycle cost due to less
defined basis. For the purposes of this study, values were assumed for each of the above
three areas based on historical chemical process industry statistics.

+ It is estimated that between 500,000 and 1,000,000 workers will be engaged at one
time or another in D&D activities at DOE sites. Of this number, only 5 percent are
expected to come in contact with hazardous materials which are capable of causing
long term health hazards. Of this latter number, only 0.2 percent are expected to
develop long term medical disorders such as cancer which may be attributed. to site
exposures. Using the higher end of estimated DOE worker population (1,000,000 x
0.05 x 0.002), a total of 100 workers are expected to have long term disabilities or
medical disorders as the result of clothing and equipment which fails to provide
adequate protection (based on existing technologies).
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+ Insurance industry statistics show that the average cancer case cost $250,000 in
-medical bills. This amount varies with the severity of the cancer and the methods of
treatment available for the specific disorder.

* Of cases where long term illnesses are suspected to be the result of work place
exposure, the American Bar Association estimates that 20 percent of these will be
brought into the court system with settlements made in half of the cases. The
average settlement is $1,000,000.

Based on these estimates, the to'gal benefit becomes:
= 100 workers x ($250k in medical costs + 0.1 x $1,000k in liability costs)
= $35 million

4.4.4 Basis for Comparing Different Ensembles

Since the principal utility of the AWPS is for worker protection during Level A and B
operations, life cycle costs have been computed for these operations only. Initial visits to the
Fernald Environmental Management Project, Hanford, and Oak Ridge DOE sites showed an
increase in both Level A and B clothing ensemble uses as decontamination and
decommissioning processes fully begin.

For the purposes of this study, a total of 5,000 man-hours are assumed to require self-
contained breathing air for a specific remediation function. Ninety five percent of this time
is assumed to require Level B protection (4,750 man-hours), while 5% of that total (250 man
hours) is assumed to require Level A protection. Both of these figures are based on the
actual number of man hours required to complete the work and not time spent in non-work
activities such as donning, doffing, decontamination, and rest periods.

The analysis of life cycle costs is therefore based on the costs needed to affect the indicated
number of work hours. A comparison is made between conventional Level A and B systems
and the AWPS Level A and B systems.

The current Level A ensemble used in the DOE weapons complex includes a limited use
totally encapsulating suit constructed of a lightweight plastic laminate-based material,
attached gloves, and a 30 minute or 60 minute Self Contained Breathing Apparatus (SCBA).
While other items may be worn with the ensemble such as over boots, a cooling system, a
communications device, and a hard hat, none of these items were considered in estimating
total ensemble purchase costs.

The suit in this scenario is used only once before requiring disposal. SCBAs have a 5 year

service life under heavy use conditions (approximately 1000 uses). The encapsulating suit
purchase price is approximately $400, while the SCBA costs $2200.
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The AWPS Level A ensemble includes a reusable totally encapsulating suit constructed of a
durable material, attached gloves, an inner cooling garment, and a liquid air backpack. The
suit in this scenario is expected to provide five uses before requiring disposal and costs
$3500. The backpack also is estimated to have a 5 year service life (1000 uses) with a
purchase price of $7,500.

The Level B scenario includes the same ensembles but a liquid splash protective suit is
substituted for the totally encapsulating suit. For the existing ensemble, this clothing costs
$25 and is disposable after a single use. In the AWPS Level B ensemble, the purchase price
for the splash suit is $150 and is designed for only one use.

Since each ensemble consists of two separate parts having different service lives, the
individual life cycle costs must be calculated for each.

4.4.4.1 Methods of Estimating Costs

While some information was obtained during the site visits, the majority of costs have been
estimated using related data for EPA remediation activities. Specifically, a series of
equations have been developed by Schwope and Renard, “Estimation of the Cost of Using
Chemical Protective Clothing,” which define the individual costs and labor requirements of
protective clothing as a function of its purchase price. These relationships were used for
determining labor requirements for both existing and AWPS ensembles.

4.4.4.2 Assumptions

Despite information gathered on site visits and methods of estimation provided above, a
number of assumptions were necessary to calculate life cycle costs. In the first set of
calculations, several simplifications of the model were used. These included:

1. All work is conducted at a moderate workload;

2. All operational labor is at a rate of $40/hour (includes overhead);

3. All other labor, including labor for purchasing, storing, and disposal, is at a rate of
$25/hour (includes overhead).

4. Decontamination costs are the same for Level A as they are for Level B; and

5. Decontamination labor costs are based on the protective suit only. This include
decontamination of gloves, outer boots, and other accessory clothing items but not
the respirator. Protection of the breathing apparatus within the suit excludes
decontamination (but not maintenance) costs for this item.

Under a moderate work load, the SCBA offers a maximum of 20 minutes useful work time,
while the PLSS is assumed to provide 120 minutes useful work time. Table 4.4-2 below

shows the individual times associated with operational uses of each ensemble (applies to
both Level A and B).
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Table 4.4-2: Time Required in Ensemble Operation

Activity Amount of Time Per Activity (minutes)
Current Ensemble AWPS

PPE Donning 15 25
Pre-entry Inspection 0 10
Working Time 20 120
Decontamination 10 10
Rest Time 30 30
Total Time Required 75 195
Ratio of Working Time to Total 0.27 0.62
Time Reguired

Other specific assumptions were required for other costs, particularly purchasing labor
consumables for different activities. The following estimates were used:

*  Purchasing labor for the existing ensemble is considered to be twice as much for the
"AWPS due to myriad of choices affecting current clothing purchases. The AWPS
purchase labor requirement is 20 hours per year.

* Operation consumables vary between ensembles primarily due to the difference
between compressed and liquefying air. The AWPS uses 270 cubic feet of
compressed air at $0.05/scf and 12 Ibs of liquid nitrogen at $0.38/1b for a total
consumable cost of $16.65. In comparison, the SCBA uses 30 scf of compressed air
for a total cost of $1.35.

+ Cleaning/decontamination consumables have been previously ecstimated (by
Schwope and Renard) at $50/entry for disposable supplies and $25/entry for
reusable supplies.

* Maintenance costs are assumed to be the same for AWPS PLSS and the existing
ensemble SCBA at $25 with a total of 10 uses per maintenance cycle for each item.
Likewise, the principal maintenance for protective clothing is replacement of gloves
at $25/pair with a total of 20 uses.

4.4.5 Life Cycle Cost Calculations (Base Case)

Table 4.4-3 shows the values used for each variable in the model based on the estimates and
assumptions above. The overall life cycle cost for the existing ensemble was calculated as
$1,676,851. For the AWPS, a LCC of $980,886 was obtained. This represents a difference
or savings of nearly $700,000. Note that while the acquisition (purchase) costs of the
AWPS hardware are significantly higher than for the existing ensemble, much lower costs
were estimated for the other expense areas. The majority of the AWPS LCC was the
purchase cost, which had roughly the same contribution as the operational cost. Over 50%
of the LCC for the existing ensemble was due to operational costs. Figure 4.4-1 shows the
relative proportion of costs for each the LCC. Note that while the acquisition (purchase)
costs of the AWPS hardware is significantly higher than for the existing ensemble,
significantly lower costs are demonstrated for the other expense areas.
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Table 4.4-3: Cost Model Variable Values

Variable : Existing Ensemble AWPS
Level A Suit Purchase Cost $400 ‘ $3500
Level A Suit Purchase Cost $25 $150
SCBA Purchase Cost $2200 $7500
Labor Rate $25/hour Same
Purchasing Hours 20/year Same
Actual Time per Use 20 minutes 120 minutes
Support Time per Use 55 minutes 75 minutes
Total Time per Use - 75 minutes 195 minutes
Ratio of Actual Time to Total Time 0.27 0.62
Operations Labor Rate $40/hour Same
Consumable per Use $1.35 $16.65
Decontamination Consumable per Mission $25 $50

Existing SCBA Ensemble - ($1,676,851 total LCC)

Disposal {1.00%})

Storage (3.00%)
Maintenance (1.30%) - B Purchase (23.90%)

Operations (51,50%)

AWPS - ($980,885 total LCC)

Disposal {1.00%})

Storape {3.00%)
Maintenance (1.50%,
Decon (6.20%)

Purchase {47.20%)

Operations (41.10%)

Figure 4.4-1: Distribution of Life Cycle Costs

The LCC analysis also provided estimates on the increase in productivity for the AWPS.
Since the assumption has been made that PLSS can provide at least 120 minutes of air and
cooling, the actual time on site is six times higher than achieved with a conventional SCBA.
Nevertheless, use of the AWPS is considered to require more support time. As a
consequence, the best way to examine increases in productivity (separately from the life
cycle costs) is to compare actual work times. On that basis the AWPS provides more than a
two fold increase in worker productivity. Use of the AWPS allows completion of the 5,000
hour job in 156 days as opposed to 625 days for the existing protection technology.
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4.4.6 Sensitivity Analysis
Key variables were selected for ascertaining their effect on the life cycle costs, including:

AWPS purchase costs;

the number of reuses for the Level A garments;
the relative amount of support labor time;

the expected lifetime of the PLSS; and

actual work time provided by the AWPS,

With the exception of the AWPS actual work time, a relatively low and high value was
chosen as compared to the base case assumption or estimate. Several different actual work
times were evaluated ranging from 40 minutes to 160 minutes. The values of these variables
are show in Table 4.4-4. Calculation worksheets for each of these cases are provided in the
final topical report for Phase L. '

Table 4.4-4: Range of Key Variables Investigated

Variable Base Low High
Level A suit cost $3,500 $3,000 $4,000
Level B suit cost $150 $100 $200
PLSS Cost $7500 $5000 $10,000
Level A suit reuse 5% Once 10x
Support labor time 35 minutes l 15 minutes 55 minutes
PLSS service life 1000 uses 500 uses 1500 uses
Actual work time 120 minutes 40 minutes 160 minutes

The largest effects on the AWPS LCC were demonstrated by the reusability of the Level A
suit and the actual work time provided by the two-hour backpack. Since the AWPS purchase
cost is relatively high, the largest benefit is seen from longer stay times for conducting actual
work. This increase in productivity is the single largest factor contributing to the more
favorable LCC for the AWPS. Figure 4.4-2 shows how LCC varies with actual work time.
The AWPS must provide approximately one hour of actual work time (3 times that of the
existing ensemble) in order to match the LCC cost of the existing ensemble. A relatively
high LCC was calculated for the case when a expensive Level A suit is used only once.

Repeated use of this suit, even in its limited applications has a profound effect on the overall
AWPS LCC.

While varying purchase cost had some effect on the AWPS LCC, increasing Level A and B
suit costs to $4000 and $200, respectively, in combination with raising the PLSS cost to
$10,000 still provided a lower LCC than the existing ensemble.
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Figure 4.4-2: Life Cycle Costs Versus Work Duration

Requirements for less or more support time for AWPS operations had little effect on the
LCC. The LCC was still lower than the existing ensemble when the support time increased
to 55 minutes (donning and preentry inspection).

Varying the service life of the PLSS by fifty percent either up or down has the least effect on
the LCC for the AWPS.

The life cycle cost analysis indicated the AWPS could save $700,000 over current PPE
during a 5,000 man-hour job. A sensitivity analysis performed on the LCC model indicated
the AWPS would still provide substantial savings using the worst possible assumptions in
the cost model.

It is expected that numerous remediation projects of the size used in the LCC analysis will
occur over the next 30 years. As a result, the AWPS can save the DOE several millions of
dollars in direct costs, not to mention the indirect benefits to worker health and safety.
These benefits more than justify the development costs of the AWPS.

4.5 Kansas State University Independent Evaluation

The Institute for Environmental Research (IER) as Kansas State University was
subcontracted to independently evaluate the Advanced Worker Protection System in a series
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of human subject, controlled environment tests. The principal objectives for testing the
AWPS at KSU's Institute for Environmental Research were:

» To provide an independent assessment of the AWPS specifically with the intent of
evaluating how the system and its components affect the physiology and perceptions
of human subjects wearing this system in both a Level A and B configuration;

* To allow a comparison of the effects on worker endurance for the AWPS liquid air
based breathing system with liquid cooling garment versus a traditional, compressed
air-based, breathing system with no provision for cooling; and

* To investigate the differences in AWPS performance under different environmental
conditions likely to encompass the working situations of end users.

The Institute for Environmental Research at Kansas State University (Manhattan, Kansas)
was chosen based on the availability of its highly controlled environmental chambers and
their experience with conducting human subject tests involving prototype personal
protective equipment. ‘

4.6.1 Test Plan

A two-part test program was designed to achieve these objectives. The first part of this test
program involved using a single set of environmental conditions to compare the
performance of the AWPS and SCBA-based protective ensembles.

4.6.1.1 Ensembles Tested
The following four different ensembles were evaluated.

1. The first ensemble consisted of the prototype backpack, the prototype LCG, and
prototype Level A vapor-protective suit. The protective suit was a ChemFab totally-
encapsulating training suit which includes attached Neoprene gloves and booties.
Industrial PVC outer boots were worn over the booties. The diaphragm type suit
exhaust valve was removed and used for a pass-through for the sensor leads.

2. The second ensemble also consisted of the prototype backpack and LCG but included
a two-piece Level B splash-protective suit. A prototype splash-protective suit was
fabricated using the TyChem 9400 material in a two piece design. Sensor leads were
passed under the hooded top.

3. The third ensemble used the Level A suit described in the first ensemble with a
Interspiro Spiromatic 9030 SCBA. There was no provision of cooling.

4. The fourth ensemble used the Level A suit described in the first ensemble with a
Interspiro Spiromatic 9030 SCBA. There was no provision of cooling.

Hard hats and communications sets were worn with each ensemble.
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The second part of the testing involved the evaluation of the second ensemble (Level B
AWPS) with two different sets of environmental conditions with the intent to determine
how human subjects wearing the system would respond to colder and hotter situations.

4.6.1.2 Test Conditions
The first part of testing was conducted at the following conditions:

Temperature: 85F (294 0C)

Relative Humidity: 75%
Air Velocity <30 fpm (0.15 m/s)

The environmental conditions chosen for the second part of testing included:

Low temperature condition: 45 F (7.2 C)/75% relative humidity
High temperature condition: 100 F (37.8 C) 95% relative humidity

Environmental conditions were maintained using a controlled chamber having the following
specifications:

Size: 11.2ftby 112 fix9ft (3.4x3.4x2.7m)
Temperature: 0to 140 F (-18 to 60 C)

Humidity Range: 20 to 95% RH at moderate temperatures
Air Velocity: <30 fpm (0.18 m/s)

4.6.1.3 Test Subjects

A total of four different human test subjects were used in these evaluations. Test subject
ages ranged from 18 to 30 and each was an experienced fire fighter from the local fire
department familiar with the use of SCBA. Since only one size of the AWPS was
prototyped, all test subjects were of average build and dimensions, able to fit large-sized
prototype protective clothing. All test subjects were volunteers in good physical condition
as demonstrated in baseline testing (without protective clothing or equipment).

Each test subject wore underpants, a T-shirt, sweat socks, and a full body cotton coverall
under protective clothing.

4.6.1.4 Exercise Protocol and Test Measurements

The test subjects maintained a constant work rate of 400 to 500 kcal per hour throughout all
tests. The work rate was maintained by adjusting the rate and incline of the tread mill they
were walking on.

The following physiological measurements were monitored during each test:
Core temperature
Skin temperature

Heart rate
Temperature inside the protective garment
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In addition, test subjects were asked to rate aspects of their comfort using a qualitative scale.
An overview of the instrumentation for each of these measurements is provided below.

Core temperature was measured using a rectal sensor inserted 8 ¢m into the test
subject's rectum. The wire from the rectal sensor was taped to the test subject's waist
to prevent it pulling out during the test. The lead from the rectal sensor was routed
through the respective suit pass-through fitting.

Skin temperature was measured at left side of the test subject's neck, right side of
chest, center of back, lower left thigh, left calf, and left forearm using skin
temperature sensors. The lead from the six sensors were routed through the
respective suit pass-through fitting.

Heart rate-was measured by preparing the test subject's chest for attachment of five
different electrodes. Locations for these electrodes included:

At the indention below the clavicle on the left and right sides,
Below the last rib in line with the nipple on the left and right sides; and
Right of center between the fourth and fifth ribs.

The test subject's skin was shaved in these areas, rubbed with dry gauze, and cleaned
with an alcohol gel pad. Electrodes were attached to the skin with gel. The leads
from these sensors were routed through the respective suit pass-through fitting.

Internal suit temperature was measured in the neck region of the protective
garment using a thermocouple. The lead from this sensor was routed through the
respective suit pass-through fitting. '

At five minute intervals during the test, test subjects were asked to rate their thermal comfort
using a nine point scale. Subjects were also asked to fill out the ensemble comfort
evaluation at the end of the test.

The test subject’s weight and the ensemble weight were measured both before and after each
test. These measurements allowed the calculation of the test subject’s average sweat rate.

4.6.1.5 Test Matrix

All test subjects under went bascline testing in shorts and T-shirt to establish physiological
parameters and to become accustomed to the exercise protocol. Each test subject wore each
ensemble once. The order of wearing the four different ensembles was randomized for each
test subject.

A total of twenty tests were undertaken, including the baseline, for comparing AWPS and

SCBA-based ensemble testing. Eight (8) additional tests were also conducted using the
liquid splash-protective ensemble at the two extreme environmental conditions.
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Test duration was for a maximum of two hours (once actual exercise started) or when the
test subject wished to stop for any reason. The test was also halted if the test subject's core
temperature or heart rate exceeded prescribed exercise levels (39°C or {220 - subject's age]
beats per minute, respectively). .

4.6.2 Test Procedures

Prior to each test, the AWPS backpack was filled with liquid air. This was done with the
recharge station using compressed breathing air and commercial grade liquid nitrogen as
consumables. The backpack was placed on the fill stand, connected to the fill station, and
warm water was circulated through the vaporizer. The recharge station was filled with
liquid nitrogen and then the backpack filled with liquid air. Once full the backpack was
pressurized to 60 psig using gaseous air.

Meanwhile, the test subject was getting ready. As discussed in Section 4.6.1.4, EKG and
skin temperature sensors were attached at various locations on the subject’s body. For
AWPS tests, the test subject donned the liquid cooling garment (LCG) before continuing
with a pair of coveralls, sweat socks, the protective suit pants, and boots. Each piece of
clothing was weighed before and after the test. Once suited to this stage, the test subject
would proceed to the fill area to don the AWPS or SCBA. The SCBA donning was very
straightforward, according to the manufacturers recommendations.

The AWPS required that any air in the LCG be removed before starting the test. The test
subject would don the backpack, very much like the SCBA. The LCG lines were then
connected such that any air trapped in the patches was removed. After this procedure, the
LCG was reconnected such that it was operating as a closed loop.

The test subject then returned to the chamber to don the upper portion of the protective
garment and begin the test. After returning to the environmental chamber, the test subject
began breathing from the mask, donned the hard hat, and donned the upper portion of the
protective garment. A final weight was taken, and recorded. This weight was used to
program the treadmill. The weight was rounded up to the nearest 5 Ibm increment,
(maximum 250 Ibm) and entered into the treadmill. This measurement allowed the
treadmill to calculate how much work was being done. The treadmill velocity was
increased until the caloric expenditure was approximately 7 cal/min. This usually gave a
walking speed of ~3 milesthour. This process was intended to ensure that all test subjects
were working at approximately the same rate.

As the test subject began walking, they were asked to rate their thermal comfort from 1 to 9
(I=very cold, 9=very hot). Every five minutes, they were again asked to rate their thermatl
comfort overall, and to report any distribution of hot or cold across various body parts. The
test subject was also requested to indicate any change in operation, status indicator lights, or
personal comfort whenever those things happened. The comments were recorded in a log
book along with heart rate, core temperature, and LCG temperatures as the test progressed.

The test subject was instructed at the beginning of the test and whenever their physiological
indicators showed signs of stress that they could stop. They were also instructed that they
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should stop if they experienced headaches, dizziness, nausea, shortness of breath, or other
discomfort. Other termination criteria used by the test conductor included heart rate, core
temperature, breathing gas supply, and hardware maltfunction. During the first two tests,
heart rate was limited to 80% of (220 — subject’s age). It was realized that the work rate
expended by the test subjects was fairly intense, and it was decided that this heart rate limit
was too conservative. The limit was raised to 100% of (200 - subject’s age), with the
understanding that the test subject was to be carefully monitored if his heart rate went above
the 80% level. In addition, the EKG showed fluctuations and irregularities particularly as
the test subjects became fatigued. It is believed that these artifacts were caused by chest
muscle contraction. If the artifact became so severe that the EKG machine could not
reliably count the heart rate, the test was terminated. The final test termination criteria was
depletion of the air in the pack.

After the test, the subject was weighed and then removed the top of the protective garment
and the mask, and filled out an ensemble rating evaluation. Then the backpack was
removed and taken to the fill station to vent any remaining cryogen and warm the vaporizer
in preparation for the next test. As at the beginning of the test, weights were taken as each
type of clothing was removed. Additional comments were solicited from the subjects and
recorded in the log book. The LCG and coveralls were laundered and the protective
garments were allowed to dry before the next test.

The tests were conducted in an environmental chamber as described in Section 4.6.1.2. The
chamber provided the test environment and housed the test apparatus, test conductors and
test subject. All data except the EKG/heart rate information was recorded by a PC with
custom data acquisition hardware and software. Data values were updated, displayed on the
screen, and recorded on disk once per minute. In addition, every fifteen minutes a thermal
comfort vote was recorded. Data recorded included: 6 skin temperatures, core temperature,
LCG in/out temperatures, air temperature in the suit, the thermal vote, and several room
temperature and humidity measurements.

The test subject's heart rate was determined using a 4 lead EKG. The EKG machine
interpreted the heart thythm and calculated a heart rate. Since the test subject was moving
and carrying a backpack, spurious electrical signals caused by sweat and fatigue in the chest
and shoulder muscles sometimes caused a fluctuating EKG trace (artifact). These
fluctuations often caused the EKG machine to calculate incorrect heart rate readings. In
these cases, the test was continued at the test directors discretion based on test subject
condition, and direct observation of the EKG trace.

The test subjects walked on a Precor USA Ergo Smart 9.5 electric treadmill. As described
previously, the test subject's weight with the backpack and all protective gear was entered
into the treadmill, and the velocity was increased until the caloric expenditure was
approximately 7 kcal/min. This resulted in a walking speed approximately 3 mph. This
speed varied with the test subject and type of backpack. In several cases, the total test
weight was more than 250 Ibm. Since this was the maximum entry possible with the
treadmill, 250 Ibm was used for these cases.
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Servicing of the backpack required the use of several pieces of support equipment. These
included the vacuum pump, fill station, power supply, and various consumables,

The vacuum pump was used to check and maintain the insulating vacuum in the AWPS
dewar. The current AWPS is a prototype system and uses a large o-ring as a vacuum seal to
. allow the dewar outer vessel to be easily re-entered. This o-ring allows a very small leakage
of gas into the insulating vacuum space. In addition, when a dewar is opened, contaminants
such as water vapor, fingerprints, and various gasses enter the system and are “absorbed" by
the materials in the dewar. These contaminants must be pumped out of the dewar using the
vacuui pump.

The fill station consisted of an insulated box and a series of heat exchangers, valves, and
regulators in the box. The box was filled with liquid nitrogen which acted as a heat sink.
Compressed air was flowed through the plumbing in the box and was liquefied by the liquid
nitrogen. The Liquid air then flowed into the AWPS backpack.

The power supply was used to power the water pump in the AWPS to conserve batteries
during the fill and donning process. Consumables used included: industrial grade liquid
nitrogen, compressed air, and 9V and C cell alkaline batteries.

4.6.3 Test Hardware Performance and Description

The AWPS hardware performed remarkably well during the evaluation. Several hardware
and procedural modifications were made during testing. It was evident after the first couple
of tests that the test subjects were having difficulty with their feet. The boots used for
testing were procured at a local hardware store and had very inferior footbeds. As a first
step to reducing blistering, the booties on the level B suit were removed. They tended to
bunch up under the feet and rubbed causing blisters. In addition, the seams were not
completely smooth and added to the irritation. In addition, the insoles were replaced with
commercial "sport" insoles that nearly eliminated the problem.

A thigh patch developed a leak during donning and was replaced. Later inspection showed
several places on the patch that were stressed indicating places where future tears might
occur. These stress locations were eliminated in the design of the next generation patch.

An electrical problem caused the pump motor to stop during one test, which caused the LCG
water to freeze in the vaporizer. The problem was solved by replacing an electrical
connector in the system.

Three temperature sensors were added to the backpack in addition to those on the test
subject. The new temperature sensors measured LCG water temperature into and out of the
LCG and temperature of the ambient cryogen heat exchanger. All of these sensors were
attached to the outside of their respective tubes using thermal mastic and aluminum tape.
They helped indicate what was happemng with the backpack, and quant1tat1vely how much
cooling the test subject was receiving.
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During one test run, the LCG water froze in the vaporizer. This occurred with the metering
valve open 6.5 turns, providing several standard cubic feet per minute of gas flow in
addition to what was being breathed by the test subject. The symptoms of LCG water
freezing are loss of body cooling, and a gradual decrease in the temperature of the air being
vented to the suit through the metering valve. When these symptoms were identified, the
test was terminated. This aborted test was rescheduled for a later day. During Phase II, the
metering valve was eliminated because it was seldom used and because of potential failures
such as this one.

Test subject access to the metering valve control was fairly limited. When wearing the level
B suit, the subject could reach under the "hood" at the waist and actuate the valve. When
wearing the level A suit, the subject could manipulate the valve handle through the garment,
or withdraw his hand from the sleeve, and manipulate the valve from within the suit.
Backpack controls will be much more integrated in future versions of the AWPS.

Gas exhaled into the suit from the mask tended to cause fogging of the outside of the
facepiece, and the inside of the suit visor. Commercially available anti-fog solution nearly
eliminated this problem at the 85 °F temperatures. At the 45 and 100 °F temperatures, the
fogging was much more pronounced. Venting of exhaled gasses outside the suit would
greatly improve fogging problems, as well as heat build-up in the head area.

A fluctuation in the system pressure was noticed during the first third of each test. Before
the tests started, the backpack was pressurized to 60 psi (operating pressure). Shortly after
the test subject began breathing, the pressure dropped to approximately 40 psi. The pressure
then gradually built back up to the operating pressure during the next 20 minutes. This issue
was addressed early in Phase II during breadboard testing of various pressure control system
configurations.

Due to variations in body shape and LCG sizing, different test subjects noticed varying
amounts of cooling in different body parts (particularly arms and legs). These variations are
due to changes in LCG water flow through the patch garment. As the body position is
changed, the pressure drop through the patches varies, thus causing changes in water flow.
Future LCG designs minimized the effects of body movement on flow variations.

One of the tests was terminated in part due to a complaint from the test subject of a
headache. It was later determined that the test subject overly tightened the mask and hard
hat straps.

The capacity display on the mask indicates quantity in eighths. The indicators show from a
single red light to eight green lights. During this testing, the empty indication was closer to
2 lights, while the full indication was 7 lights, Updating this display is a snnple matter of
reprogramming the decoder proms.

Integration of radio communications was fairly clumsy during these tests. There were

basically two problems, clarity and accessibility. The microphone was positioned outside
and very near the speaking diaphragm in the mask. This placement added distortion to the
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speech. Typically, SCBA users talk very loudly to be heard. This tendency also added to
the speech distortion. The other problem was the location of the push-to-talk button. This
was a large (1" diameter) button with excellent tactile feedback located on the radio body.
The radio was attached to the shoulder strap near the waist. With all of the other things
located at the waist, it was difficult to locate the radio switch. During Phase II, this problem
was solved through the use of a Scott facemask and microphone specifically designed for
this application. Scott’s design does not require a push-to-talk button.

4.6.4 Tést Observations

An extensive amount of data were collected during this evaluation. While much of this data
is presented in the topical report completed at the end of Phase I, additional observations and
findings are offered in this section.

There were a number of contributing factors which affected the outcome of some tests, and
in some cases, these factors caused tests to be prematurely terminated. Some examples
include, blisters developing on the feet of one test subject, headache due to overly tight mask
straps, and failure to increase cooling. The latter problem was more an artifact of the testing
given the unfamiliarity of the test subjects with PLSS technology. In general, cooling was
- increased at 15 intervals and at the request of the test subject. This led to variable cooling
levels for individual test subject; however, cooling perception is subjective and needed
accommodation during these tests.

There were relatively few physiological response differences between the two different
types of suits for each test subject. Since the materials used in the construction of each suit
were impermeable, the environment immediately next to the test subject's body became
rapidly saturated as expelled humid air was released from the breathing mask (of PLSS or
SCBA) into the suit. The Level B ensemble should allow for better air exchange with the
outside environment compared to the Level A ensemble since it is not of an air-tight design.
Relative humidity inside the suit was not measured in any of the tests but no difference
between different ensembles on the basis of humidity was perceived. In general, the inside -
of the protective garments were soaked with perspiration following each test.

Figures 4.6-1 and 4.6-2 illustrate the dramatic improvements in duration and thermal

comfort possible with the AWPS. The two graphs show skin temperatures for the same test
subject wearing a level A suit with an SCBA and the AWPS respectively.
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Figure 4.6-2: Representative Skin Temperature Graph with SCBA

Two major observations from these graphs are the overall duration and the rise (or fall) of
skin temperatures. The first graph (SCBA) shows a duration of approximately 30 minutes,
and all the skin temperatures show an increase. In comparison, the AWPS graph shows a
duration of approximately 75 minutes, with a much smaller rise in skin temperatures. In
fact, several of the measurements consistently decrease.
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Skin temperatures are a good indication of perceived thermal comfort. Core temperature is
a much better measure of actual thermal condition and shows how much heat the body is
losing or storing. People naturally have different core temperatures, and that temperature
varies throughout the day. In addition, the important information from core temperature is
how it changes. For both of these reasons, core temperature difference is shown on the next
graph. The core temperature at the beginning of the test was taken to be zero, and all
subsequent temperatures were plotted as a difference. This graph is for a level B suit and
includes five different tests, baseline, SCBA and AWPS at 85 °F, and AWPS at 100 °F and
45 °F. Again, the observations to be made from this graph are duration and rate of
temperature change.

The baseline test was conducted with the test subject wearing only shorts, a T-shirt, and

running shoes. The other tests (on this graph) were conducted with the test subject wearing
coveralls, the cooling garment (for the AWPS tests only) the backpack and a level B suit.

Core Temperature Difference {(deg C vs minutes)

1degC

0B8degC 1. SCBA _ AWPS 100F AQ’IQLQQt e
| Room ' o

06degC —-Temp }." .
i pod Jov—; AWPS 45F Ambient

0.4deg G b S—

. Baseline

0.2dsgC T w- '

‘;;’rﬂ*'/%
OdegC

e’
«0.2degC v
AN AWPS Room Temp

0.4degC faatat L
-0.6degC | i t | ! } 3 } t ! 1 + : + + { i

0 10 20 30 40 50 60 70 80 90 100

Time (minutes)
Figure 4.6-3: Representative Core Temperature Graph

Looking at the slopes of the core temperatures, the 85F AWPS test actually shows a
decreasing core temperature. This test lasted for approximately 35 minutes and was
terminated early due to fatigue and sore feet. The baseline and 45 °F AWPS had the
smallest core temperature rise. Both tests lasted approximately 60 minutes and had similar
core temperature increases. The 100 °F AWPS had the next fastest core temperature rise
(~0.9C) and a duration of 65 minutes. The SCBA (with no cooling) had the steepest core
temperature rise of 0.7 °F in 20 minutes. A good indication of thermal stress is a core
- temperature rise of 1 °C. The SCBA test would have reached this level at approximately

28.5 minutes, less than half the duration of the 100 °F test that had a 15 °F warmer
environment. :
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The design of the Level A encapsulating chemical protective suit posed no problems on any
of the test subjects during the evaluation. The Level A design follows a commercial product
and incorporates many features which have been accepted by the industry for suits of this
type. Nevertheless, these suits are bulky, present wide profiles, and are relatively difficult to
don, requiring the assistance of at least one helper. Test subjects were able to freely move
with the Level A suit but did have some restrictions in mobility and field of vision. Other
observations included:

* Donning difficulties appeared to be affected by the placement of the closure in
combination with the PLSS profile. A lower profile PLSS will substantially improve
ease of donning. A second donning problem occurred when inner plastic gloves became
displaced from the outer rubber glove. This problem was obviated in the testing by
cutting the inner glove out of the suit so that testing could be continued. The suit should
be designed with a single layer glove system or multiple glove system which does not
allow the inner glove to pull away from the outer glove.

» Fogging of visor, from release of humid air inside ensemble, was particularly a problem
at the elevated test conditions. This problem was minimized with the application of a
anti-fogging agent on the inside of the visor. One other possible design change would
be to route some air from the PLSS to flush across the visor to sweep humid air from
depositing moisture on the visor's inner surface.

*  While the test subjects were of average build, the one size concept did not appropriately
accommodate each tests subject for proper fit. Improvements in fit could be achieved by
providing a wider range of sizes. However, since Level A suits are primarily for use
during chemical emergency response, and would be less frequently used as compared to
Level B ensembles, the additional sizing for this suit may not be cost effective.

The two-piece Level B Liquid Splash-Protective Suit appeared to provide a better fit than
the Level A suit and resulted in less mobility and field of vision problems. Two test subjects
had problems with the sleeve length and gloves. Additional problems were encountered
with the outer boot/bootie design. Even with proper donning, the bootic seam sometimes
would be a location next the foot causing blisters or discomfort. As these observations were
made during early tests, the booties were removed and outer boots used exclusively for foot
protection. The Phase II splash suit will have re-designed booties, possibly enlarged to
allow street shoes to be worn inside the suit, with a larger outer boot.

The incorporation of sizing, in addition to the improvements identified above, for the Level
B suit should allow for improved comfort, fit and mobility. Currently, liquid splash suits
may be offered commercially in standard sizes, often small, medium, large, and extra large.
The two-piece design afforded by the prototype Level B suit provided flexibility in fitting
the size ranges of the study test subjects, because different heights could be easily
accommodated by the movement of the upper torso protective part in relation to lower bib-
coverall with adjustable suspender-like straps.
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4.6.5 KSU Evaluation Conclusions

The Independent evaluation conducted at Kansas State University verified the AWPS®
positive effect on user safety, health and productivity. The test subjects were able to work
for twice as long using the prototype AWPS compared to the standard SCBA, even with the
weight and footwear problems. The testing also provided important design information on
operations in a variety of environments. The backpack, the most complex part of the AWPS
worked well throughout the testing, with no significant hardware failures.

The independent evaluation also revealed important findings on the design of the two
prototype chemical protective suits. Following the evaluation, OSS identified several design
improvements. For the Level A system, these include a provision for expelling breathing air
to outside the suit, using a single glove, and flowing air across the visor. For the Level B
system, proposed design changes will encompass modified glove and boot interfaces
together with the incorporation of sizing.

4.7 Phase | Summary

The performance criteria for the AWPS was developed during Phase I with both an
understanding of the AWPS capabilities combined with the identification of DOE
Decontamination and Decommissioning activities protection needs. Testing of a prototype
AWPS demonstrated the system’s ability to meet these criteria.

The unique features of the AWPS will allow it to be used in environments and situations
beyond the capability of current systems. Furthermore, a review of current DOE practices
has identified several areas of concern which can be rectified with the introduction of the
AWPS. The AWPS can reduce DOE inventory needs, reduce selection problems (by
providing DOE with a single system that will be suitable for most needs), enthance personnel
protection, safety, and provide significant gains in worker productivity.

During Phase I, OSS identified all applicable regulatory requirements with regards to the
respirator, pressure vessel, protective suits, helmet, and support equipment. Regulatory
requirements for DOE use, as well as those that govern the use of the AWPS once in
production, have had a bearing on the design of the AWPS. In-house testing of various
components and subsystems provided OSS with the information needed to modify the
designs during Phase II to ensure the AWPS meets all of the applicable requirements.

Compliance with these regulatory and similar requirements will be demonstrated through an
extensive battery of testing, and certification of individual components by the appropriate
authorities,

Visits to three key DOE remediation sites yielded the information necessary to perform a
cost benefit analysis, with positive results. A model was developed to determine the
equivalent life cycle costs of various configurations of the AWPS. This information was
used to compare the AWPS with systems currently in use. Using a specific scenario deemed
representative of DOE D&D activities, the determination of life cycle costs has shown the
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AWPS will provide a savings of over $700K (based on a total life cycle cost of $1.7
Million) for a 5000 man hour job when compared to similar costs for existing protective
clothing and equipment. This type of scenario is likely to be repeated many times over the
30 year period as the DOE undertakes specific D&D tasks at its various sites which require
self-contained breathing air. Through a similar analysis, productivity gains of 100% or better
were shown as well as lower potential medical and liability costs through better worker
protection.

The prototype hardware developed in Phase I served to verify the design approaches for the
AWPS, and gathered manned operations and integration information. The testing at KSU
provided the performance data needed to optimize the Phase I hardware, as well as
providing independent verification of the AWPS' cffectiveness. Technical problems
highlighted in the testing, particularly the weight of the backpack, are being solved in an
independent research program nearing conclusion at OSS, This work, along with the Phase
L activities, lowered the technical risk for Phase II of the AWPS project.

Independent testing at the KSU's Institute for Environmental Research provided a
comprehensive test subject evaluation of the AWPS, showing significant increases in human
subject endurance and comfort when compared to traditional SCBA-based ensembles.
These tests also demonstrated continued performance of the backpack without any major
failure and the efficacy of the liquid cooling approach when integrated with chemical
protective clothing. The duration that human subjects were able to sustain as compared to
the SCBA-based ensembles validated assumptions made in the life cycle cost study, where
major benefits are realized from increased extended mission performance and increases in
productivity.

At the completion of Phase I, OSS possessed the confidence in the AWPS design to proceed
with full-scale AWPS development during Phase II. :

5.0 Phasel ll

5.1 Overview

OSS refined the AWPS design during Phase II to address the issues identified during Phase
. Specifically work focused on verifying the system would meet all applicable
requirements, reducing the system weight and production costs, increasing system
performance, and improving system reliability and robustness, During this phase, OSS also
entered into a business agreement with Scott Health and Safety Products, the leading
supplier of Self Contained Breathing Apparatus (SCBAs) in the United States. Scott was to
develop the design for all backpack components external to the dewar, head up the
certification of the system, and market the units. A more thorough discussion of Scott’s
participation is provided in Section 5.7.

Initially, OSS began to resolve the design and fabrication issues associated with a plastic
cryogenic pressure vessel and a titanium vacuum vessel. Many of the fabrication issues,
such as attaching stainless steel tubes to a plastic vessel and forming the titanium outer
vessel in a cost effective manner, were resolved within the first six months. However, the
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LCP (plastic) inner vessel at that time did not provide an adequate factor of safety on burst
pressure. ' :

As a result, OSS built a smaller, one-hour duration engineering development unit that had
been designed in support of the NASA Kennedy Space Center (KSC) contract discussed in
Section 2.2. This unit was used to test different pressure control schemes and operating
pressures. It was hoped the operating pressure could be dropped to 25 psig to avoid the need
for a DOT certification of the pressure vessel and to provide an ample factor of safety on
burst pressure. The testing indicated that the operating pressure could not be lowered below
40 psig and still maintain a positive pressure in the mask while breathing, a NIOSH
requirement. During these tests, OSS switched from the Interspiro mask and regulator used
during Phase I to a commercially available Scott mask and regulator that Scott had modified
to operate at lower pressures. '

During this time, OSS also performed a second FMEA and then updated the basic schematic
to accommodate changes in the pressure control system and to incorporate needed safety
features identified in the FMEA.

In early 1996, Scott began to take an active interest in the backpack design. They tested one
of the one-hour development units and identified some drawbacks in the design. 0SS
worked to improve the design to eliminate these drawbacks and to reduce the system
weight. OSS also worked on maturing the designs of the LCG and the outer protective
garment, and on increasing the burst pressure of the inner vessel.

A Preliminary Design Review was held in April 1996. At this review, the inner vessel was
the only component considered to still need a significant amount of work. The previous
work indicated the vessel could not be strengthened without making it thicker and thereby
exceeding the weight budget for the inner vessel.

Shortly following the design review, a new inner vessel shape was identified which could
reduce the inner vessel weight and provide an adequate factor of safety on burst pressure.
The new shape affected most of the dewar components and required several components,
such as the pickup mechanism, the capacitance gauge and the outer vessel, to be completely
redesigned. OSS spent the following seven months updating the design to accommodate the
new inner vessel shape and to incorporate design features identified during testing of the
one-hour development units. OSS also changed the design of the suspension system from
the cones developed during Phase 1 to a spoke tension system. The spoke tension
suspension system more easily integrated with the new vessel shapes, reduced the backpack
weight, and reduced heat leak into the inner vessel.

During this time, OSS developed two one-hour systems to be used in a system evaluation by
the International Union of Operating Engineers (TIUOE). One-hour systems were used in the
evaluation because the one-hour design was preceding the two-hour design; the one-hour
system was being developed in parallel for use by fire fighters at the NASA Kennedy Space
Center. New LCGs and outer protective garments, as well as a recharge station for filling
the backpack with liquid air were also developed. The evaluation was conducted in
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September of 1996 and provided useful information that was used to improve the design of
the APWS and the support equipment.

A formal agreement between OSS and Scott was also signed during this time. Scott was to
finish the design of the bottom box, pursue NIOSH certification of the system, and market
the units. Minnesota Valley Engineering (MVE) also agreed to join the team. MVE is the
nation’s largest manufacturer of commercial dewars. MVE was brought on board to
produce the dewars for commercial units. It was not expected that MVE would play a
significant role in the AWPS project.

Initial testing of the new inner vessel design was not promising. The vessel burst at much
lower pressures than predicted. The vessel design was modified slightly and stiffening rings
added. The new design was tested in January of 1997 and proved to have an adequately
high burst pressure.

Two two-hour prototype units were then assembled and tested at OSS. These units were
used in a series of manned tests at OSS. The tests focused on evaluating the performance of
the LCG and outer protective garment. Based upon this testing, OSS improved both of the
garment designs by eliminating patch pinch points and increasing the garment comfort. The
two-hour prototype units were then used in a second IUOE evaluation conducted in October
of 1997. Minor improvements were made to both the backpack and garment designs based
upon the IUOE evaluation.

The design documentation, such as drawings and assembly procedures, was then completed
and 6 dewars were built and tested with quality controlled hardware and procedures. These
dewars were to be used for NIOSH certification. During checkout of the qualification
dewars, problems were encountered which led to a redesign of the pickup mechanism.

Scott became increasingly concerned about the projected dewar production costs, its weight,
and the slippage in schedule as a result of the design modifications. As a result, the
agreement between OSS and Scott was terminated. This left OSS financially responsible for
not only completing and testing upgrades of the dewar, but also of completing the
development of the remaining backpack components that were Scott’s responsibility and of
NIOSH certifying the system. The cost for this work would have far exceeded the
remaining AWPS budget. As a result, OSS aggressively pursued other partners to fill the
void left by Scott. At the writing of this report, OSS has not been successful in locating a
partner with which to team.

In parallel, OSS worked on upgrading the dewar and LCG designs. OSS also documented
the work performed under the AWPS contract and compiled this final report. The following
sections of the report discuss the specific work and progress made on the individual sub-
systems during Phase II. An overview of the IUOE evaluations is also presented along with
a discussion of the remaining design issues.
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5.2 Dewar Development

The dewar is the heart of the AWPS. It stores and supplies air to the user via the bottom
box, in any orientation. The design of an all position dewar which meets all of the
performance specifications within the given weight budget represents the greatest technical
challenge in the AWPS project. As such, much of Phase II focused on dewar development.
The dewar consists of seven primary subsystems; the inner vessel, the pickup mechanism,
the capacitance gauge, the outer vessel, the suspension system, the vaporizer and tubing, and
the dewar insulation. The evolution of each of these systems during Phase 11 is described in
the following sections.

5.2.1 Inner Vessel Design and Certification

A significant effort during Phase II focused on the development and DOT certification of
the LCP inner vessel. OSS first addressed the issue of sealing the metal tubes, which run
between the inner and outer vessels. The tube used to fill the inner vessel was first moved
from its previous position on the periphery of the inner vessel up into the metal center hub.
Thus both the fill and vent tubes were each welded to one of the metal hubs which then had
to be mounted in the center of each vessel half.

Several options, ranging from injection molding the hubs into the vessel halves to spin
welding the hubs in place, were considered. The option that offered the greatest chance of
success was gluing the hubs in place. Several different glue joints, epoxies, and surface
preparation techniques were investigated. A breadboard fixture of the design was built to
test different configurations. The final solution used a flexible metal diaphragm welded to
the hub and then glued to the LCP. This design is presented in Figures 5.2-1a and 5.2-1b.
The hub is located on the left of Figure 5.2-1a while the welded diaphragm/hub assembly is
located on the right. Figure 5.2-1b shows the hub glued to an inner vessel.

Hysol epoxy was selected to glue the hubs in place due to its strength and durability at
cryogenic temperatures. The flexible diaphragm was capable of flexing to accommodate
differential thermal expansion between the metal hubs and the LCP inner vessel. The design
also provided substantial surface area for the glue joint. The methods of preparing the
surfaces and curing the epoxy were perfected and documented in a quality controlled
procedure. Additional breadboard fixtures were built and then used to test the design’s
durability. The fixtures were continually cooled to liquid nitrogen temperatures and then
warmed up, see Figure 5.2-2. Periodically, the fixtures were helium leak checked. In 600
cycles the only leaks detected occurred in braze joints used to connect tubes to the metal
hub. No failures in the glue joint were detected.

Work also focused at this time on strengthening the inner vessel. A sketch of the original
vessel shape is included in Figure 5.2-3. Mold modifications were first completed to
prevent the warping of the vessel half edges observed during Phase I. It was expected this
would increase the strength of the joint between the two vessel halves.
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Figure 5.2-1a: Center Hub Joint

Figure 5.2-1b: Center Hub Glued to Inner Vessel Half
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Figure 5.2-3: Original Inner Vessel Shape
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Once the mold modifications were completed, a set of 20 vessels were injection molded.
Several vessels were assembled and pressurized to failure in a burst test using liquid
nitrogen. Unfortunately, the vessels burst at too low of a pressure; the average burst
pressure for the vessels was 95 psi. As a result, additional finite element analysis was
performed to further strengthen the design. The anisotrpoic properties of the LCP were
more accurately modeled in this additional analysis. The parametric FEA model developed
to analyze the inner vessel is presented in Figure 5.2-4. The model shows one quadrant of
the inner vessel, the outer vessel, and the suspension system. The outer vessel and
suspension system were included in the model because these structures helped carry the
pressure loads on the inner vessel. During this process, we used our Pro-E models that were
developed to fabricate the inner vessel mold and document the design to develop the finite
element model, thereby reducing the time required to analyze the vessel.

o
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BOLUTT O
{4l

Figure 5.2-4: Inner Vessel FEA Model

We also consulted a mold flow expert for suggestions on eliminating knit lines and
increasing the vessel strength. The consultant ran FEA flow models of the injection process
to determine where knit lines, weak spots, may form. A sample analysis is presented in
Figure 5.2-5. As indicated in the figure, knit lines were expected to form on the ribs.
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However, the consultant believed that the extra material in the ribs would compensate for
the weakness caused by the knit lines. '

Filling: Meld lines
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Figure 5.2-5: Mold Flow Analysis

After extensive analysis, we concluded the vessel could not be strengthened without
significantly increasing the weight of the inner vessel. The projected backpack weight
already exceeded the 40 pound NIOSH limit and so increasing the inner vessel weight was
not an attractive option.

Shortly after this, in April of 1996, a new design for the AWPS inner vessel was conceived.
After several months of analysis this new inner vessel shape was adopted. The new shape
has a cross section of a double headed axe; a central sphere intersected by two opposing
spheres. The central sphere makes up the side walls and the opposing spheres are the
inverted end caps. The use of traditional pressure vessel shapes (sections of a sphere)
allowed stresses to be reacted in compression in the dishes and tension in the side walls
rather than in bending. A sketch of the new shape is presented in Figure 5.2-6.
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“Balanced Stress” Design

Figure 5.2-6: New Inner Vessel Shape

The new design looked promising for weight reduction and improved safety margins.
However, it still required significant refinement. Design variations investigated included
wall thickness, hub dimensions, corner dimensions, and size of sphere sections. The new
shape also required the design of a tension ring that stiffened the vessel in the hoop direction
at the intersection of the end caps and side wall. Incorporating a tension ring allowed us to
investigate switching from our compression cone suspension system to a tension suspension
system, see Section 5.2.5.

During this redesign effort, we also considered fabricating the inner vessel from a variety of
metals, such as a 300 series stainless steel or Inconel. The new vessel is axi-symmetric and
0 could be readily manufactured using standard metal working techniques like stamping,
deep drawing, or spinning. However, analyses indicated that a metal vessel would weigh at
least 1.5 times the weight of an LCP vessel.

Manufacturing of the inner vessel mold commenced after a satisfactory design was
developed. Due to the symmetry of the inner vessel and the expense of injection molds,
both the male and the female halves were molded from the same tool with interchangeable
inserts to form the male or female glue joint. This drastically reduced the cost of the tool by
not requiring an entirely separate tool for each half. The basic lap glue joint design for the
perimeter glue joint from the previous inner vessel mold was successful, therefore the same
basic concept was used again in the new inner vessel design. It consists of feathering the
edges of each half with the mating interface being 3 degree parallel surfaces. The male half
fits inside the female half, and a hard stop provides accurate location of each half with
respect to one another. When assembled, the glue joint design provides a relatively constant
wall thickness throughout the side wall. The feathered edges allow the joint and glue to flex
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at each end of the joint where the glue is weakest. Without the feathered edge, the glue
would be pulled in tension, it’s weakest strength, by a stiff section of plastic. Lessons
learned from the previous inner vessel glue joint allowed us to predict the molding induced
warpage of the parts fairly well and to compensate for the warpage in the design of the glue
joint inserts,

Initial tests of parts formed using the new injection molding tool resulted in disappointingly
low hydrostatic burst pressures ranging from 68 psi to 83 psi. During these tests we
measured displacement at various point on the inner vessel and tension ring. This data
indicated that the ring was not stiff enough to prevent the edge of the vessel from rotating
outward, as indicated in Figure 5.2-7. This placed significant bending stresses on the outer
walls directly below the ring and caused the vessel to rupture at pressures lower than
expected. Several materials and configurations of the tension ring were investigated and
tested before an aluminum ring with an L shaped cross section was selected.

Figure 5.2-7: Rotation of Vessel Quter Edge Leading to Failure

The new ring design increased the burst pressure approximately 25 psi; the burst pressure
ranged from 95 psi to 103 psi. Additional burst tests indicated that the dished end caps were
now the weak point. The dished end caps were buckling in a low stress area that had been
thinned to save weight. The injection molding tool was modified to increase the wall
thickness in this areca. New vessel halves were molded, assembled, and tested with the new
rings. The new design provided the needed factors of safety. During hydrostatic burst tests
the vessel burst between 145 and 155 psig, and during cryogenic burst tests the vessels burst
between 165 and 190 psig. These burst pressures were acceptable because the dewar’s
operating pressure had been dropped from 60 psig to 40 psig; use of a Scott regulator
modified to operate at lower pressures allowed the system pressure to be reduced.

During this process various epoxies were tested to identify the one best suited for gluing the
two vessel halves together. The epoxy we had been using proved to be the best choice. The
testing however highlighted the importance of following the proper procedures for cleaning
the surfaces and gliing the vessel halves together.
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Following successful burst testing, a prototype unit was built up and repeatedly tested to
ensure the dewar contained enough liquid air to provide a two hour duration. There was
some concern over the system’s duration because the modifications made to prevent
buckling on the outer dish slightly reduced the inner vessel’s internal volume. During each
test, the prototype system was filled and then connected to a mechanical breathing machine.
The breathing machine was set to the NIOSH standard rate and allowed to operate untit the
prototype backpack was empty. The backpack provided sufficient duration. The tests lasted
from 130 minutes to 140 minutes.

NIOSH requires that the AWPS pressure vessel storing the liquid air be DOT certified. The
AWPS most clearly falls under the category of 49 CFR 178.57 Specification 4L; welded
cylinders insulated. However, due to the materials of construction and the special nature of
the overall system, exception was taken to almost every paragraph within this specification
in one form or another. The main area of divergence from the specification comes from the
use of an injection molded liquid crystal polymer inner vessel in place of stainless steel. For
this reason, all references to the metallurgical properties, design criteria, and testing as they
relate to the stainless steel inner vessel had to be revised. The shape of the vessel is complex
due to the portable, all position nature of the system. Normal calculations are not sufficient
to predict the actions of this vessel under pressure. For this reason, OSS has made use of
FEA modeling and burst testing to establish design and acceptance criteria. OSS proposed a
specification that encompassed the spirit of 49 CFR 178.57 Specification 4L while
incorporating the changes necessary for the new material and design. This proposed
specification was accepted by the DOT, resulting in DOT certification of the AWPS through
the exemption DOT-E 11739. '

The DOT exemption requires that the vessel design be proven safe through design
qualification tests. These tests include:

» Ambient Temperature/Pressure Cycle Test - At ambient temperature, pressure cycle
inner vessel from ambient to service pressure three vessels each for 0, 100, and 1000
cycles, then cycle from ambient to test pressure (5/3 service pressure) for 30 cycles,

“then fill with liquid nitrogen and pressurize to burst. Minimum allowable burst is
2.5 times service pressure.

¢ Cryogenic Temperature/Pressure Cycle Test - At cryogenic temperatures, pressure
cycle inner vessel from ambient to service pressure three vessels each for 0, 100, and
1000 cycles, then cycle from ambient to test pressure (5/3 service pressure) for 30
cycles, then fill with liquid nitrogen and pressurize to burst. Minimum allowable
burst is 2.5 times service pressure.

e Creep Rupture Test ~ At ambient temperature, pressurize inner vessel to service
pressure and hold for 1000 hrs. Measure for permanent distortion before and after
pressure hold, then cycle from ambient to test pressure (5/3 service pressure) for 30
cycles, then fill with liquid nitrogen and pressurize to burst. Permanent deformation
prior to burst in excess of 0.1% not allowed. Minimum allowable burst is 2.5 times
service pressure. Extrapolate burst pressure out to 50,000 hrs on a log scale graph.

o External Pressure Test - Externally pressurize an assembled dewar (inner vessel,
suspension system, outer vessel) to 2 atmospheres and then check for permanent
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deformation. Permanent deformation of 0.1% is not allowed. The outer vessel must
show no evidence of buckling and shall maintain vacuum insulation. There must
also be no evidence of inner vessel failure.

¢ Temperature Extreme Test - One representative pack shall be cycle tested at ambient
temperature by pressurizing from ambient to service pressure for 1000 cycles, then
cycled from ambient to test pressure (5/3 service pressure) for 30 cycles. Next, the
representative pack shall be pressurized to service pressure and submerged in 200 °F
fluid, soaked for 10 minutes, then transferred to 0 °F fluid and soaked for 10
minutes, repeated 20 times. The pack shall not show evidence of distortion,
deterioration, or failure during these tests. ‘

e Bonfire Test - A test unit shall be placed in the horizontal position over a fire,
subject over its entire length to flame impingement, until completely vented. Inner
vessel may fail, but resulting venting shall be contained within the outer vessel and
vented through the outer vessel relief valve.

The DOT exemption also requires tests to ensure the vessels remain consistent during
forming and assembly. As a result, the following tasks are part of the manufacturing
process: . "

e After assembly, each inner vessel shall be pressured to 2 times the service pressure
maintained for 30 seconds without evidence of leakage, distortion or other defect.

e ASTM standard slabs molded from the same lot of material shall be tested to
determine yield strength, tensile strength, and elongation, which must meet specified
limits.

* Following the gluing procedure, 2 pairs of ASTM standard slabs must be glued
together, cured and pull tested. Failure can occur only in the base material.

o Three inner vessels taken at random out of each lot of 200 shall be subjected to
ambient temperature pressure cycling from ambient to service pressure for 1000
cycles, then pressurized to 5/3 service pressure, then filled with liquid nitrogen and
pressurized to burst.

Following the completion of the dewar design, we stepped through each of the these tests
and tasks and documented the results in a preliminary report to the DOT. A copy of the
report is provided in Appendix B. With the exception of the permanent deformation in the
outer vessel following external pressurization, the dewar design passed all of the tests. The
outer vessel deformation issue is discussed in Section 5.2.4.

5.2.2 Pickup Mechanism Development

OSS initially worked to optimize the original pickup mechanism designed during Phase I.
Early in Phase II, OSS built up a one-hour backpack to evaluate different pressure control
schemes. During this testing, a gradual decay in internal pressure occurred when the liquid
level in the inner vessel fell below the below the level of the hub, the halfway point. Data
showing this phenomenon is provided in Figure 5.2-8. During the testing, the backpack was
filled and connected to a mechanical breathing machine. The machine was set at a breathing
rate of 100 SLPM, the maximum NFPA (National Fire Protection Agency) rate, and
allowed to operate until the internal mask pressure dropped sufficiently below the ambient

68



QOceaneering Space Systems AWPS Final Report

pressure. Pressure sensors connected to the backpack’s pressure control system recorded
internal pressure during the breathing cycles.
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Figure 5.2-8: Test Data Showing Pressure Decay

The drop in pressure was attributed to a leak in the seal around the liquid pivot tube. This
seal leak allowed gas into the liquid flow when the user, or breathing machine, inhaled. The
pressure in the system began to drop as a result.

This phenomenon was repeated in a breadboard test performed to determine how large the
seal leak must be to affect system performance. A cylindrical open mouth dewar, with a
volume comparable to the AWPS inner vessel, was used during these tests. The top of the
dewar was sealed and a straight withdrawal tube was inserted into the dewar through the
top. A short vent tube was also inserted into the top cap. A breadboard pressure control
system was connected to the dewar and the system connected to the breathing machine. An
initial baseline run was performed during which no pressure drop was observed until the
dewar was emptied. The test was then repeated after a 0.014” diameter hole was drilled
midway down the liquid withdrawal tube. This hole simulated the leak that might be caused
by the seal. Again, no drop in pressure was observed. The test was repeated with hole
diameters of 0.026” and 0.060”. These results are presented in Figures 5.2-9a and 5.2-9b.
As indicated in the figures, the pressure began to drop in each test when the hole was
exposed to the ullage gas. As expected, the larger the hole, the quicker the drop in pressure.
Based upon this testing, we estimated that a gap between the pivot and the seal of
approximately 0.002” would cause the drop in dewar pressure observed during testing.
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Figure 5.2-9a: Breadboard Testing of Liquid Line Having 0.026” Diameter Hole
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Figure 5.2-9b: Breadboard Testing of Liquid Line Having 0.060” Diameter Hole
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Inspection of a breadboard assembly of the pivot mechanism and hub indicated the gap
between the pivot and the seal exceeded 0.002” due to wear in the seal material. An
alternative design was developed to resolve this problem. The circumference seal on the
pivot tube was replaced with a flat face seal. The face seal is pressed against the bearing by
the spring force of a small bellows to which it is brazed. The other end of the bellows is
brazed to the pivot tube. A sketch of the new design is presented in Figure 5.2-10.
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Figure 5.2-10: New Face Seal Design

As changes in the liquid pivot tube seal were being made, the pickup mechanism was also
being modified to accommodate the new inner vessel shape. As discussed in Section 5.2.1,
a new inner vessel was developed to provide a higher factor of safety. The outer edge of the
new vessel design is a spherical sector with the radius of curvature located at the center of
the inner vessel. In all orientations, the liquid air inside the vessel will be in contact with
this outer surface. Consequently, a pickup/vent tube that pivots around the center of the
vessel can access liquid air at any point along the outer surface and thus access all of the
fluid in the vessel. Using this principle, the design in Figure 5.2-11 was developed. The
figure shows a simple sketch of the pickup mechanism with the inner vessel in both a
vertical and horizontal orientation.
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Bellows

Inner Vessel Cross Section

Figure 5.2-11: New Pickup Mechanism

The pickup and vent tubes are attached to a center manifold via metal bellows. These two
tubes are connected by a linkage bar that is soldered to the middle of each tube. The metal
bellows and the linkage bar allow the two tubes to pivot as a single tube around the center of
the inner vessel. Note: the linkage bar is not shown in Figure 5.2-11.

The center manifold cross is a single piece made from Ultem, a cryogenic compatible
polyetherimide. Two pivot tubes are glued to opposite edges of the manifold, These pivot
tubes interface with hubs in the inner vessel and allow the center manifold, the pickup tube,
and the vent tube to rotate about the vessel’s axis of symmetry.

The new single piece manifold reduced the pickup mechanism’s part count and provided
features that aligned the pivot tubes during assembly. In the previous design, the manifold
was made from two pieces of LCP that were glued together. In this design it was difficult to
align the pivot tubes when the manifold and tubes were assembled. The new design
provided close tolerance holes in which the pivot tubes are inserted. These holes ensure the
tubes are properly aligned.

The pivot tubes also provide a flow passage for the liquid air and the vent gas. The outer
ends of these hollow tubes taper to a point that interfaces with the inner vessel hubs. Small
holes are machined into the sides of the taper to allow flow between the hubs and the pivot
tubes. Two passages machined into the center manifold connect each pivot tube to either
the pickup or vent tube. During operation, liquid is withdrawn up the pickup tube, through
the manifold and pivot tube, and out of the inner vessel via one of the hubs. Gas is vented in
a similar manner through the other pivot tube and hub; the gas flow path is shown in Figure
5.2-12.
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Figure 5.2-12: Pickup Mechanism Flow Path

The pivot tubes also conduct the capacitance gauge clectrical signal to the hubs. The
capacitance gauge is bolted to the center manifold and rotates with the manifold and the
pickup/vent tubes. Each capacitance gauge plate is electrically connected to one of the pivot
tubes via metal tabs soldered to each component. Since the center manifold is not an
electrical conductor, the two pivot tubes are electrically isolated from one another.

The interface between the pivot tubes and the hubs is a critical feature of the design. The

interface must allow the pivot assembly (pivot tubes, manifold, capacitance gauge,

pickup/vent tubes) to rotate freely, must create a seal between the inner vessel and the hub,

must pass the capacitance gauge signal, and must accommodate expansion and contraction
- of the inner vessel.

For this initial iteration, a spring-loaded metal cup interfaced with the pivot tube, see Figure
5.2-10. The interface formed a point contact between the cup and the tip of the pivot tube.
The interface produced very little friction and allowed the pivot assemble to rotate freely.
The spring soldered to the back of each cup accommodated the expansion and contraction of
the inner vessel. The springs ensured the cups and pivot tubes remained in contact when the
vessel expanded due to pressure loads, and also prevented the interfaces from being
compressed too tightly when the vessel contracted as it was cooled to cryogenic
temperatures. OSS discovered during development testing that if the interface is
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compressed too tightly, the friction at this interface increases significantly and prevents the
pivot assembly from rotating.

The capacitance gauge electrical signal also passed through the point contact and down the
spring. The spring on the liquid side of the pivot assembly interface was soldered directly to
the hub. The gauge signal was conducted to the hub and out of the dewar through tubes
welded between the liquid hub and the outer vessel. The spring on the vent side of the pivot
assembly rested in an Ultem cup. This cup rested inside the hub and electrically insulated
the spring and cup from the hub. A small insulated wire was soldered to the spring and
routed through the vent tube that ran from the hub to the outer vessel. The end of the wire
was attached to an electrical pass-through connected to the end of the vent tube, outside of
the dewar. The pass-through brought the capacitance gauge signal out of the vent tube
where it was carried to the electronics box via a coaxial cable,

A breadboard of this new design was built and tested. This testing showed that friction in
the mechanism could prevent it from rotating into its proper upright position if the dewar is
slowly turned upside down. The mechanism would be in a metastable position similar to an
inverted pendulum. The mechanism would right itself if jarred or hit.

A new feature was added to the design to prevent the mechanism from sticking in this
position, a kicker weight. A sketch of the kicker weight integrated with the pickup
mechanism is presented in Figure 5.2-13. The kicker weight consisted of two tubes attached
to the center manifold. A weight on roller bearings slid along one of the tubes. When the
dewar was rotated, the slider weight easily moved, shifting the pickup mechanism’s center
of gravity (CG) and causing it to rotate into a vertical orientation. The other tube attached to
the center manifold supported a counter weight. The counter weight ensured the pickup
mechanism hung vertically, rather than at an angle, when the backpack was upright.

Kicker Weight Slide Rail

. . : Capacitance Plates
Kicker Weight Slide

Vent Tube

Pickup Tube Weight

Liquid Pickup Tube
Counter Balance Rod

Figure 5.2-13: Sketch of Kicker Weight and Pickup Mechanism
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This design was implemented in several prototype dewars. Initial testing of the prototype
units indicated the design worked well. However, a problem was located in the design of
the vent/pickup tubes and flex bellows. A failure was found in the bellows that connects the
- pickup tube to the center manifold. The bellows had split in one location.

A test fixture consisting of a complete inner vessel assembly was built to isolate the cause of
the failure. Holes were drilled in the vessel so that the bellows deflection could be observed.
The observed deflections were not great enough to cause problems during movement of the
pickup mechanism. However, when the vessel was filled with cryogen the deflection was
great enough to damage the bellows over several cycles. '

These deflections occurred when the inner vessel and pickup mechanism first began to cool
down during a fill. Slugs of cryogen would quickly boil and create a surge in the pressure
inside the dewar tubing. These surges caused the bellows to deflect sideways far enough to
fatigue them. This problem was solved by increasing the outer diameter of the pickup tube
from ¥4” to 3/8”. Opening this flow passage eliminated the pressure surges and the bellows
deflections.

This incident raised an important issue on the fatigue life of the bellows. A test fixture was
built that automatically exercised the bellows through the full range of motion expected in
the pickup mechanism. The bellows were also alternately dipped in cryogen and
pressurized to simulate the other expected loading conditions for the bellows. Occasionally
the bellows would be helium leak checked.

The test was allowed to run independently for days. No leaks were expertenced after 15,000
cycles. As aresult, the design was considered adequate.

Following the change to larger vent and pickup tubes, the 6 dewars to be used for NIOSH
certification were assembled. During their assembly, the pickup mechanisms in the
prototype dewars began to stick after repeated testing. This prevented the mechanism from
rotating freely and when the dewar was inverted caused the pressure to drop rapidly.
Furthermore, the capacitance signal began to drop out intermittently after repeated uses.

Unfortunately, the NIOSH dewars possessed even larger problems than the prototype units.
The pickup mechanism did not rotate frecly in these units from the beginning. One of the
dewars was disassembled to inspect the pickup mechanism. Once removed from the outer
vessel, a hole was drilled in the inner vessel. A bore scope camera was used to inspect the
mechanism. We searched for components that might be interfering or contacting the inside
surface of the inner vessel. No obvious interference was observed.

The inner vessel was then completely disassembled. Inspection of the pickup mechanism
revealed the pivot tubes were slightly out of alignment. This may have caused them to bind
to the point where the mechanism would not rotate freely. Divots were also found in the
brass cups that interface with the tips of the pivot tubes. A small amount of debris and
discoloration was also present in the brass cups.
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‘It was believed that the inner vessel was compressing the pickup mechanism too tightly,
causing the springs behind the brass cups to bottom out and the pivot tubes to dig into the
cups. The discoloration and debris in the cups were thought to be the cause of the
intermittent capacitance signal drop out. A thin oxide layer on the cups could cause the
signal to drop out. The resistance of the pivot tube/cup interface was found to vary
randomly by over an order of magnitude when the pickup mechanism was rotated or the
connection between the pivot tubes and cups broken and reconnected.

The first action taken following the disassembly and inspection of the inner vessel and
pickup mechanism was to accurately measure the inner vessel deflections during different
load cases. Two vessel halves were glued together and the deflections were measured as the
vessel was pressurized and cooled to cryogenic temperatures. Table 5.2-1 presents the
deflection data recorded.

Table 5.2-1: Inner Vessel Deflections

Pressure (psig) { Temperature Hub to Hub
Deflection (in)
0 Room Temp 0.000
-14.7 Room Temp -0.119
0 Room Temp --0.059
14.7 Room Temp -0.030
29 Room Temp 0.000
55 Room Temp 0.058
0 Cryo Temp -0.075
14.7 Cryo Temp -0.053
29 Cryo Temp -0.063
55 Cryo Temp -0.031
Condition Hub to Hub Deflection*
With Rings 0.084
With Rings; -14.7 psig IV Pressure 0.124>
With Rings; @ Cryo Temp; 0 psig IV Pressure 0.164”

* Deflection as measured from initial glued inner vessel dimension.

Once this deflection information was collected, a new pickup mechanism design was
developed. The new design was based upon a design developed for the one-hour dewar.
The design implemented face seals on both of the pivot tubes. This eliminated the seal
around the outside of the vent pivot tube and reduced the chance the pivot tubes would bind.
The combined length of the pivot tubes was also shortened to ensure the design could
accommodate the inner vessel deflections.

New electrical connections for the capacitance gauge signals were also added. These new
connections were developed following an extensive design study. In this study, a wide
variety of concepts were developed. Several breadboards were developed of the most
promising designs. Sketches of several of these concepts are presented in Figure 5.2-14.
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Vipers on Pivot Tube Chomfer (1) Hoce Seol Mounted Wiper on Insuloted Ring

Rounded pivot Tube on Silver Graphite Cain Spring Ribbon/Bearing Combina tion

Wipers on Pivot Tube Chamfer (2 Cap gage Mounted Wiper on Insulated Ring

Figure 5.2-14: Electrical Connection Concepts

A fixture was developed to automatically cycle these breadboards. The resistances of the
various interfaces were periodically recorded. After hundreds of cycles, modifications were
made to the designs and the cycle testing repeated. After several thousand cycles with no
change of resistance, a new concept was adopted and integrated into the pickup mechanism
design. A sketch of the new design is presented in Figure 5.2-15.
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Spring Ribkbon/Bearing Comkination
Uses 061 diameter silver broze wire

Figure 5.2-15: New Electrical Connection

In this new design, the brass cup has been replaced with a spring ribbon and bearing, The tip
of the pivot tube rests inside a bearing that is soldered to the pre-load spring. The bearing
reduces the fiction in this interface and allows the pivot tube to rotate freely. A piece of
silver braze wire is inserted into a hole drilled into the tip on the pivot tube. The wire
contacts a spring ribbon that has also been soldered to the pre-load spring. This interface
forms the dynamic electrical connection. The spnng ribbon provides a light pre-load on the
braze wire to ensure the electrical connection remains intact.

During the redesign of the electrical connection and the pickup mechanism seals, a more
thorough analysis was performed on the kicker weight to estimate the amount of torque the
weight could exert if the mechanism became stuck. This analysis indicated a couple
configurations in which the kicker weight would not operate as expected.

Consequently, another study was conducted to refine the design. A series of concepts were
developed and analyzed, several of them built and fested, and a final design selected.
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Testing of this design showed that the kicker weights will always move, shift the pickup
mechanism CG, and cause the mechanism to rotate regardless of the dewar position and
motions. A sketch of this design is presented in Figure 5.2-16a and pictures of the prototype
kicker weight and pickup mechanism are presented in Figures 5.2-16b and 5.2-16¢.

CUNCOUPT #16
11/10/58 :

Figure 5.2-16a: New Kicker Weight

This new design consists of two sets of two %4” diameter ball bearings rolling inside hollow
tubes attached to the center manifold. The new design did not utilize roller bearings as did
the first design and was therefore much less expensive. The new design also provided a
slight weight savings. Note: the static counter weight added in the initial kicker weight
design to ensure the pickup hung vertically when the dewar was upright has been replaced
by a set of ball bearings. This change increases the kicker weight’s response; i.e. it produces
a greater CG shift when the dewar is turned over,
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Figure 5.2-16b:New Pickup Mechanism and Kicker Weight

Figure 5.2-16¢c: New Pickup Mecnis and Kicker Weiht n Inner Vessel
The details of a new pickup mechanism design that incorporated new seals, new electrical

connections, and a new kicker weight was completed early in 1999. Unfortunately, a
complete system could not be built and tested within the budget and schedule constraints of
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the AWPS project. However, during the design process the individual components were
extensively tested; these components were tested more thoroughly than the previous design
was. The results of this development testing have prov1ded us with conﬁdence in the new
pickup mechanism design.

5.2.3 Capacitance Gauge Development

The capacitance gauge measures the amount of liquid remaining in the dewar. The gauge
consists of two parallel plates that form a capacitor. The capacitance of the gauge increases
as its wetted surface area (the surface area in contact with liquid air) increases. This change
in capacitance is measured by the backpack electronics, which displays to the user the
amount of air in the backpack.

As mentioned in the previous section, the gauge rotates with the pickup mechanism and so
is always in a vertical orientation. The key to the capacitance gauge design is to ensure the
wetted surface does not change for a given fill level, when the backpack is pitched forward
and backward. If the wetted surface area changes, the gauge will provide a different reading
when the user goes from standing to crawling on their hands and knees.

An initial gauge design was developed for the dumb bell shaped inner vessel. A picture of
this initial design is presented in Figure 5.2-17. Note: the initial pickup mechanism is also
shown in this picture. The gauge shape was laid out to provide relatively constant surface
area at all orientations for a variety of fill levels using CAD software.

iure .217: Phase I Capacitance Gauge Design

When the shape of the inner vessel changed, a new capacitance gauge had to be designed.
As in the design of the previous gauge, a shape for the gauge was assumed and then
analyzed. The initial shape assumed for the new gauge was based upon an enlarged version
of the gauge developed for the I-hour duration backpack. The shape was then modified
based upon analysis results and the new shape analyzed. This iterative process was
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followed until the predicted gauge performance satisfied the gauging requirements outlined
by NIOSH.

In each iteration, AutoCAD was used to calculate the wetted gauge surface area for different
fill levels and different orientations. Some graphical outputs from this analysis are
presented in Figure 5.2-18. The final gauge shape is presented in Figures 5.2-19a and 5.2-
19b. The predicted results are shown in Figure 5.2-20.

Figure 5.2-10 shows the predicted wetted surface as a function of orientation for various fill
levels from 1/8 to % full. As indicated in the figure, the wetted surface area remains fairly
constant except when the dewar is between 20% and 30% full and is laid down flat
(orientation of 90°). However, these predictions indicate the gauge would meet the gauging
accuracy required by NIOSH, and so the design was incorporated into the first two-hour
development unit.

During testing of this unit, the capacitance reading continually drifted, thus requiring
constant calibration. When the dewar was disassembled, the gauge was inspected. The
signal drift was associated with distortion of the aluminum capacitance plates and creep of
the nylon washers that maintain the plate spacing. The nylon washers were replaced with
Teflon ones and the plate material was changed from aluminum to stainless steel.

The new gauge design was incorporated into another two-hour development unit. Each
capacitance plate was also modified to include a short tab that was soldered to one of the
pivot tubes when the pickup mechanism and capacitance gauge were assembled. These tabs
formed the gauge electrical connection.

As with the previous design, the gauge worked well initially. The gauge readings tracked
the fill level. However, no detailed tests were performed to quantify the gauge accuracy
during this initial testing. During repeated testing, the gauge signal drifted and dropped out
intermittently. As previously discussed, the problem was tracked down to the dynamic
electrical connection in the pickup mechanism.

During the redesign of the pickup mechanism, the gauging analysis was expanded to include
the effects of surface tension. Surface tension forces cause liquid air to wick up a short
distance between the capacitance plates; the wicking height for the gauge plate spacing we
selected was estimated to be 0.15”. This effect results in a slightly greater wetted surface
area than would be expected. The updated analysis also utilized Pro-E models rather than
AutoCAD to improve the accuracy of the analysis and decrease the amount of time required
to estimate the wetted area at various orientations. A sample of the graphic outputs
generated in the updated gauge analysis is presented in Figure 5.2-21.
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Figure 5.2-19a: Sketch of Final Capacitance Gauge Shape

Figure 5.2-19b: Final Capacitance Gauge Shape
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The results of this new analysis are presented in Figure 5.2-22. As indicated in the figure,
the gauge will meet the NIOSH accuracy requirements of +/- 5% when over a quarter full
and +/- 2.5% when less than a quarter full.

20

18

Full

l

—_
o

..... 78 Full

et ] b

T 3/4Full

"y

E-N
]
|
"
g
N
N
K
r
¥
K
"
n
]
1
1
1]
n
N

K

-
[x}
4

-------------------- - "":_:__--___,__.-__0—4-' '-x‘—ﬂ 5/8 Full

............... L.--_-_-!.- ____f;}.”_______ruzr-“uu
1 1 T F amFul
6 S IR S R N N R

| S P A | I A wrtvﬂﬂ A Fl

‘g 3 E E = T TE

ey
=]

[+-]

Wetted Surface Area {sq in)

o 10 20 30 40 50 60 70 B0 20 100
Backpack Orientation (deg)

Figure 5.2-22: Capacitance Gauge Predictions Incorporating Surface Tension Effects

Following the analysis, OSS decided to build a fixed-tube, development unit designed to
measure the base accuracy of the gauge itself. No pickup mechanism was incorporated into
the unit. Two rigid tubes that were soldered to the metal hubs in the inner vessel replaced
the mechanism. The capacitance gauge was rigidly attached to one of these tubes by
soldering one of the plates to the tube. This provided not only a structural joint but also an
‘electrical connection. A wire was soldered to the other plate and routed out the other tube to
complete the electrical circuit.

A series of test was performed on the unit to quantify the capacitance gauge accuracy.
During the test, the dewar was filled with liquid air and placed on a tilt stand with the
capacitance gauge hanging vertical. The dewar was slowly rotated from upright to upside
down and then back to upright. The gauge readings were recorded every 15°. Twenty
percent of the liquid air was then drained from the dewar and the orientation test repeated.
Cryogen levels of 60%, 40%, 20% and 0% were also tested. The results of these tests are
summarized in Figure 5.2-23 and Table 5.2-2. The error bars associated with each curve in
Figure 5.2-23 show the allowable error for the gauging system. These results verify that the
gauge design meets the NIOSH gauging accuracy requirements. Note: during the test, the
capacitance units were measured in counts. These are the units the backpack electronics
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unit records and then relates to quantity of liquid air. The quantity of liquid air varies
inversely proportional with capacitance count.
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Figure 5,2-23: Capacitance Gauge Test Results

Table 5.2-2: Measured Capacitance Gauge Accuracy

Fill Level| Average Count Max Error Min Error
100% 1067 9 2% -10 -3%
80% 1114 6 2% -6 2%
60% 1178 15 4% -16 4%
40% 1283 13 3% -14 -4%
20% 1380 9 2% -9 -2%
0% 1448 1 0% -1 0%

5.2.4 QOuter Vessel and Harness Development

The prototype backpack developed during Phase I utilized an aluminum outer vessel that
- was machined from a large block using a CNC mill. The vessel was expensive to
manufacture, was relatively heavy, and was prone to corrosion. The use of aluminum on the
outer vessel also forced us to use aluminum for the tubes running between the inner and
outer vessels. We were forced to use aluminum tubes because no reliable method was found
to seal other tube materials (such as 304 SS) to the aluminum outer vessel. As discussed in
Section 5.2.7, this significantly increased the heat leak to the inner vessel.

As a result of these limitations, OSS reviewed various materials from which to make the
outer vessel during Phase II. The primary candidates considered included 300 series
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stainless steels, nickel based super alloys such as Inconel 718, and titanium. Titanium was
eventually selected as the material of choice because it has excellent strength to weight and
stiffness to weight ratios, excellent corrosion resistance, and it can be inexpensively formed
using super plastic forming (SPF).

SPF uses high temperatures and relatively low pressures to press a titanium sheet onto a
male mold. It is analogous to thermoforming of plastics. This process allows complex three
dimensional shapes to be formed from an inexpensive plaster mold.

Titanium to stainless steel transition bushings were also located early during Phase II. These
bushings are formed by explosively bonding a plate of stainless steel to a plate of titanium.
The bushings provide a method for sealing the tubes coming from the inner vessel. The
titanium side of the bushing is welded to the outer vessel. The tubes running from the inner
vessel pass through the bushings and are welded to the bushing’s outer stainless surface; the
dewar tubing was changed from aluminum to stainless steel during Phase II to minimize
heat leak, This approach provided a vacuum tight seal on the tubes that could withstand
cryogenic temperatures.

A detailed design of the outer vessel shape used in Phase I was developed for titanium
vessel halves fabricated using SPF. When the design was completed, OSS subcontracted
the production of several vessel halves. These vessel halves were used to build up
breadboard units to test the outer vessel design. A picture of this outer vessel design is
presented in Figure 5.2-24 :

Figre 5.2-24: Initial Phase IT Outer Vessel Design

Initial problems were encountered with welding the vessels. The welds were found to be
brittle and tended to crack. The problem with the welds was due to hydrogen embrittlement
of the metal. A by product of the SPF process is scale build up on the outer surfaces of the
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titanium. We determined this must be removed by grit blasting, then the titanium must be
chemically etched to remove 0.001” to 0.002” of material from all surfaces. This process
removes any material that may have absorbed too much hydrogen, which embrittles the
titanium. A secondary benefit of etching is it provides a smooth surface that is aesthetically
pleasing, is easy to clean, and exhibits minimal outgassing. No additional titanium welding
problems were encountered after these procedures were instituted.

The outer vessel had to be redesigned once the new inner vessel shape was adopted. The
outer vessel not only needed a different shape, it had to be stronger. The new inner vessel
was self-supporting. It no longer required the suspension system and outer vessel to help
carry the internal pressure loads. Consequently, the new outer vessel needed to be stronger
to carry the vacuum loads. A picture of the new outer vessel design is presented in Figures
5.2-25. This picture shows a single outer vessel half. A flange has been welded to this half
-as part of a prototype backpack. The final version of the backpack would not have this
flange. :

Figure 5.2-235: New Outer Vessel Design

The new outer vessel design used a thicker titanium shell and inward dished heads to carry
the vacuum loads. A protruding bump in the middle of the dish was necessary for clearance
between the inner and outer vessels. This bump was also used to position the tension
suspension system.

Other features were added to this new outer vessel design. The lower half of the outer
vessel profile was made somewhat oblong to make room for tube runs and penetrations
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through the outer vessel. This oblong section deviated from the traditional shapes generally
considered for pressure vessels.

During dewar assembly, a completed inner vessel assembly was installed in an outer vessel
half, the second outer vessel half placed on top, and the two halves were welded together at
the perimeter. The new outer vessel used the same type of weld joint as the previous outer
vessel; two radiused flanges butted up against one another and edge welded. When welded,
the flanges melt back and provide the filler material to form a shallow uniform bead around
the perimeter of the vessel. This joint provides accurate assembly, as it is part of the
titanium shell created during super plastic forming. It also allows for fast, low tolerance
trimming of the titanium shells from the formed part. Burst tests on outer vessels with this
type of joint showed no failure in the welds.

Five titanium brackets were welded to the assembled dewar. Four of the brackets were
identical and were welded to the bottom of the outer vessel, two on each half. These
brackets interfaced with the bottom box. The fifth bracket was welded on the top of the
outer vessel and interfaced with the backpack harness. The harness consists of two shoulder
straps and a waist belt. The shoulder straps are attached to the top bracket on the dewar and
the waist belt is attached to the bottom box structure. OSS tested several variations of the
harness design to ensure the final design was comfortable and easy to don and doff. A
picture of the harness installed on a prototype backpack is presented in Figure 5.2-26.

| Figure 5.2-26: Backpack arness
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A custom built titanium pump out port was the final item welded to the dewar. The port was
designed and built by OSS. Itis a slightly larger version of the one used during Phase I.
The port was machined from titanium and welded on the side, near the bottom, of one of the
outer vessel halves. !

During the redesign of the outer vessel, OSS also developed a series of fixtures to drill holes
in the outer vessel for the transition bushings, weld the transition bushings in place, weld the
bottom four brackets in place, and weld the two outer vessel halves together. These fixtures
aided assembly and ensured the interfaces with the bottom box conformed to the interface
drawing jointly developed by Scott and OSS.

Duﬁng testing of the system, two problems with the new outer vessel design were identified:

- Permanent deformation during DOT external pressure test, and
- Outward buckling of the outer vessel when the vacuum space is pressurized.

When the new two-hour dewar under went DOT testing, the oblong portions on the bottom
of the outer vessel deformed during the external pressure test. Small areas in this region
buckled inward approximately 1/16” during the test. These areas did not pop back out when
the external pressure was removed; if the vacuum space was pressurized back to
atmospheric pressure, the areas would pop back out. Because the outer vessel showed
permanent deformation, the vessel failed the test. Fortunately, this phenomenon presented
no indication of a failure in the inner vessel or suspension system and so does not pose a
safety problem.

Two possible options for resolving this problem have been identified: 1) stiffen the outer
vessel or 2) modify the DOT requirement. It may be possible to add ridges in the outer
vessel near the areas that buckled to stiffen the regions and prevent buckling. Welding in
separate gusset plates inside the vessel would also stiffen the areas. However, this option
requires additional welding and material and will therefore increase the assembly costs and
the backpack weight. It may also be possible to modify the DOT requitement to allow for
this condition. As previously stated, the phenomenon does not pose a safety hazard and so
should not prevent the dewar from being DOT certified. Unfortunately these options have
not been aggressively pursued due to budget constraints and this remains one of the open
issues in the dewar design.

The second problem uncovered during testing concerned the pump out plug and was more
serious. The pump out plug is a cylindrical disk that fits into a port on the side of the outer
vessel. Through the use of a valve operator, the plug can be removed to evacuate the
annulus space between the inner and outer vessels. Once the space has been adequately
evacuated, the plug is reinstalled.

The plug also acts as a pressure relief device. If the backpack annulus space is ever

pressurized due to a failure in the inner vessel or tubing, the plug will be pushed out to
relieve pressure before the outer vessel ruptures.
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A custom titanium plug and port were developed for the AWPS outer vessel based upon the
design of commercially available components. The plug relies on a double o-ring seal
between the outer diameter of the plug and the inner diameter of the port to seal the dewar
vacuum.

During testing of one of the prototype two-hour dewars, the pump out plug was
inadvertently held in place. A failure occurred in one of the tube braze joints -inside the
vacuum space. As a result, the vacuum space pressurized which caused one of the outer
vessel halves to buckle outward. The pressure in the outer vessel was quickly vented and
the outer vessel snapped back into place.

This failure raised a concern that the pump out plug may not blow at sufficiently low
pressures to prevent the outer vessel from buckling outward. The first step taken to resolve
this issue was to conduct several tests to quantify the buckling pressure of the outer vessel
and the blow out pressure of the pump out plug. One of the flanged prototype outer vessels
previously developed was slowly pressurized several times until it buckled. The outer
vessel pressure was recorded using a PC based data acquisition system. A graph of one of
these tests is presented in Figure 5.2-27.
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Figure 5.2-27: Outer Vessel Buckling Pressure

The outer vessel buckled when the pressure dropped suddenly. The sudden drop in pressure
was due to the sudden increase in volume as the outer vessel buckled outward. As indicated
in Figure 5.2-27, the buckling pressure occurred near 18 psig. This buckling pressure was
fairly repeatable and set the requirement for the pump out plug.
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Following the buckling tests, tests were performed to identify the pump out plug’s blow out
pressure. A test fixture was built to allow the back side of the plug to be pressurized. The

pressure was ramped up at various rates and the blow out pressure recorded. Some of the
test results are presented in Figure 5.2-28.
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Figure 5.2-28: Pump Out Plug Blow Out Pressures

As indicated in the graph, the plug will pop out at a pressure between near 10 psig
immediately after it is installed in the pump out port. If the plug is allowed to sit in the port,
the grease around the o-ring will be pushed away and the blow out pressure increase

significantly. Testing indicated the blow pressure can almost triple over time and well
exceed the outer vessel’s buckling pressure.

Again, two options for solving this problem were pursued. OSS first looked at stiffening the
outer vessel to increase the buckling pressure. Initially, we thought that adding ridges across
the dished head would stiffen the outer vessel and not only increase the buckling pressure

but also prevent the oblong portions of the outer vessel from buckling inward during the
DOT external pressure test.

The primary concern with this approach was the feel of the pack on the user’s back. We
-believed that any ridges or gusset plates may feel uncomfortable. To resolve this issue, OSS
- performed several tests to assess the impact of adding stiffening structure to the outer vessel
had on comfort. During these tests, ridges and gusset plates were added to a prototype
backpack. Several users donned the backpack, performed a series of standard motions, and
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then commented on the feel of the backpack. The test was repeated without the stiffening
features. Each test subject commented that the stiffening features tended to dig into their
back when they reached forward and were extremely uncomfortable.

It was therefore decided to pursue our second option, reducing the operating pressure of the
outer vessel’s pressure relief device. A variety of approaches were tested. These included:

- removing one of the two plug o-rings,

- using a larger pump out plug,

- using an off-the-shelf vacuum relief device, and

- using a burst disk.

Both the blow out (relief) pressure and the leak rate of the first three options were measured.
A summary of the test results are presented in Table 5.2-3. Unfortunately, none of these
options proved acceptable. Removing one of the plug’s o-rings greatly reduced the blow out
pressure. However, it also increased the leak rate across the plug to an unacceptable level.
A larger pump out plug also demonstrated a lower blow out pressure, but not low enough.
The vacuum relief device tested is a commercially available product that is similar to a
spring loaded relief valve. The device provided a suitably low relief pressure but allowed
too great a leak rate, was heavy, and very expensive.

" Table 5.2-3: Quter Vessel Relief Device Test Results

Component Relief Pressure] Leak Rate
_psig (x10-9)
SV3-084-5W5 - Pumpout/Relief Port {Initial) 7.02 34
SV3-084-5W5 - Pumpout/Relief Port (Repeat) 7 34
PR3-084-5W?2 - Relief Valve (Initial) 1.24 220
PR3-084-5W2 - Relief Valve (Repeat) 1.65 220
SV8-088-5W2 - Large Pump Out Plug (Initial) 8 0.2

SV8-088-5W2 - Large Pump Out Plug (Repeat 15 0.2

Data Recorded in Log Book #4, Pages 051

Large Pump Out Plug w/ both O-Rings (Initial) 8 0.2
Large Pump Out Plug wf both O-Rings (Steady State) 15 4.2
Large Pump Out Plug w/ bottom O-Ring (Initial) 0.48 3
Large Pump Qut Plug w/ bottom O-Ring (Steady State) 60
Large Pump Out Plug w/ side O-Ring (Initial) 6.5 0.2
Large Pump Out Plug w/ side O-Ring (Steady State) 11.2 36

The use of a burst disk was also considered. Unfortunately, no burst disk could be found
that provided a low enough burst pressure, maintained the 14.7 pressure differential across
the outer vessel, and operated over the full temperature range expected.

Another option was then considered. Using previous data taken on the large (17 diameter)
plug, we developed a model to predict the blow out pressure and helium leak rate for a given
pump out plug design. Using this model, we predicted that increasing the depth of the O-
ring grove on the side of the plug from .091” to .11” would reduce the blow out pressure
from 15 psid to 8.8 psid and only change the leak rate from 4.2 x 10™ cc/sec to 4.3 x 107
cc/sec.
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We modified one of the plugs and tested its performance. The results of the blow out tests

are presented in Figure 1. As indicated in the graph, the blow out pressure ranges from 5.7

psid to 8.8 psid depending on the pressurization rate and on the amount of time the plug has

been installed in the port. The outer vessel buckles at approximately 20 p31d and so this
blow out pressure provides a factor of safety of approximately 2.5.

The helium leak rate for the modified plug was initially measured to be 1.8 x 10? cc/sec, an
acceptable rate, However, this leakage is lower than the leakage of the initial plug. This
result was unexpected The test was repeated to verify the leakage had increased to
approxnnately 4.5 x 10? cefsec, very close to the predicted leak rate. This concept was very
promising. Unfortunately, we ran into difficulties in integrating the concept onto the outer
vessel. DOT requirements prevent penetration with welds from being added on or nearby
curved surfaces. Consequently, we could no find a suitable place on the outer vessel to
locate the large pump out port.

Testing of Modified SV3 Plug
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Figure 5.2-29: Test Results with Modificd Large Pump Out Plug

Since no suitable relief device could be located, OSS developed a new relief device concept.
The concept built upon one of the configurations tested, the current plug design with a single
o-ring. This configuration provided an adequate blowout pressure but possessed too great a
leak rate. In the new concept, a thin aluminum foil disk is epoxied over the top of the pump
out port after the plug is installed. The metal disk will significantly reduce the leak rate
through the pump out port. The top of the pump out plug is also modified to include a sharp
point in its center. This point will rupture the foil disk in the event the outer vessel is
pressurized. Consequently, the foil disk should not increase the plug’s blow out pressure.
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The small space between the foil and the plug would be filled with vacuum grease.
Unfortunately, budget and schedule constraints on the AWPS project prevented the concept
from being detailed, built, and tested.

5.2.5 Suspension System Development

During the early stages of Phase II, work focused on optimizing the design of the cone

" suspension system to reduce the heat transfer, weight, and costs. The initial cones were laid
up by hand on a fixture. The process was relatively time consuming and costly.
Consequently, OSS considered using other manufacturing techniques and other materials,
such as thermal forming a material pre-pregnated with epoxy, and injection molding using a
glass filled plastic.

Before any decisions were made on materials and fabrication techniques, the new inner
vessel was baselined. The concept of a tension suspension system was developed shortly
after we realized the need for stiffening rings on the outer edges of the inner vessel.

The tension suspension system had the potential to be lighter weight and easier to
manufacture, and to reduce heat transfer to the inner vessel. Several variations of a tension
suspension system were evaluated, including stamping a single continuous part that
incorporated the tension ring for the inner vessel into the part. We settled on a system using
titanium spokes swaged to eyelets that were riveted to the tension ring. The other end of the
spokes were captured in a central hub made of Lytex, a tough, compression molded
composite; the design is presented in Figures 5.2-30a and 5.2-30b.

Outer Ring

Titanium Spoke

Eyelet

Rivet

Figure 5.2-30a: Sketch of Spoke Tension Suspension System
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Figure 5.2-30b: Spoke Tension Suspension System Hardware

Of high importance in our selection criteria for the suspension system was the ability to
manufacture parts quickly. While stamping may have been a better choice in the long run,
the Jead times, risk, tool costs, and engineering effort to design the stamped part and work
with a stamper were severe disadvantages. The titanium spoke system turned out to have a
very high part count, and be difficult to manufacture due to necessarily tight tolerances. The
processes of swaging and riveting did not lend themselves to holding tight tolerances.

While developing the detailed design for the spoke system, OSS performed a series of pull
tests on spokes and spoke/eyelet swaged connections. The pull tests were to ensure the
suspension system would possess adequate strength. The outer vessel had been stiffened to
carry the vacuum load. However, it was expected that the suspension system would still
carry some load. Based upon preliminary analysis and the pull tests we estimated each

spoke assembly needed a minimum of 12 spokes to distribute and carry the anticipated
loads.

The detailed design of the system was completed and we subcontracted the fabrication of
several molded Lytex hubs. After receiving the hubs, the suspension system design was
built and tested in a prototype dewar. No obvious problems were encountered. The design
was then incorporated into the 6 dewars to be used for NIOSH certification.

A similar system was being developed and tested for the one-hour dewar at this time. The

suspension system for this unit was thoroughly inspected after repeated system testing.
Inspection revealed cracks in the base of the Lytex hubs due to excessive hoop stress in the
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part. An aluminum backing ring was added to the design to carry the hoop stress. Since
then, no further Lytex hub failures occurred. We feared the two-hour design would
experience the same failure.

During the disassembly of one of the two-hour NIOSH dewars, the suspension system was
thoroughly inspected and cracks were indeed found at the base of the Lytex hub. The design
was modified to accommodate an aluminum backing ring, as was done in the one-hour
dewar design. A sketch of the design with the aluminum backing ring is presented in Figure
5.2-31a. Figure 5.2-31b shows a picture of the Lytex hub with a backing ring resting on top
~of it. Initial testing of the new design installed in a fixed-tube dewar built to test the
capacitance gauge and shortened vaporizer indicated the backing ring prevented damage to
the Lytex hubs. '

Backing Ring Fits Inside of
Lytex Hub

Figure 5.2-31a: Sketch of Suspension System Aluminum Backing Ring

Figure 5.2-31b: Aluminum Backing Ring and Suspension System
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During the fabrication of the prototype suspension system, OSS also designed a fixture and
developed assembly procedures to allow the system to be more easily assembled. The
fixture and assembly procedures allowed the eyelets to be swaged onto the spokes at the
proper position, within +/- 0.005”. This ensured the spokes were all of the same length and
therefore the loads were evenly distributed among all 12 spokes. However, if the backpack
is ever to be certified and units mass produced, the use of a stamped component should be
examined again.

5.2.6 Vaporizer and Tubing Development

A variety of tubes run from the inner vessel to the outer vessel inside the dewar’s vacuum
space. These tubes allow the dewar to be filled with liquid air, allow ullage gas to be vented

~during a fill and during storage, allow liquid air to be withdrawn from the inner vessel
_ during operation, and allow the inner vessel to be drained. The heat exchanger responsible
for vaporizing and warming the air supplied to the user, and cooling the LCG water is also
housed in the dewar vacuum space.

The layout of the internal tubing evolved significantly from Phase I to Phase II. The tubes
used in the Phase I dewar were aluminum. It was hoped aluminum tubes could be used to
reduce weight. Unfortunately, the aluminum tubes sharply increased heat leak into the
dewar and reduced the dewar’s storage time, a critical parameter for a commercial
backpack. As a result, the tubing material was changed from aluminum to stainless steel.

The material change not only reduced heat leak into the dewar, it also allowed commercially
available, titanjium to stainless steel bushings to be used to seal the tubes as they exited the
outer vessel, The titanium side of the bushing was welded to one of the outer vessel halves,
the inner vessel and tubes installed and routed through the bushings, and the outer surface of
the tubes welded to the stainless steel side of the bushings. This method provided a leak
tight seal that could withstand the expected temperature extremes.

Other methods of sealing the tubes exiting the outer vessel, such as metal compression
fittings, were considered. These techniques would have been less expensive than the
transition bushings but either lead to tube configurations that were difficult to manufacture
or impossible to install.

Once the agreement between Scott and OSS had been signed, both companies worked to
finalize the location of the tube outlets on the outer vessel. Scott developed a source control
drawing that specified the location of the tubes and other interfaces that effect the bottom
box design. The drawing was based upon the most current dewar design. OSS reviewed
and agreed to the drawing, thereby freezing the external dewar interfaces and allowing Scott
to begin designing the components and manifolds that would interface with the dewar.

The internal tube layout changed three times during Phase II, even though the external tube
position were fixed based upon the interface source control drawing, The initial change was
driven by pressure contro] testing and by the results of a new FMEA. A series of pressure
control tests were conducted early during Phase IT using a 1-hour development unit. During
this testing, a phenomenon similar to geysering was observed. Liquid air would be
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withdrawn from the inner vessel when the user inhaled. The liquid air would enter the
vaporizer and quickly boil. This created a pressure spike that forced some of the air, now in
gas phase, back into the inner vessel. The pressure in the mner vessel would increase as a
result. The pressure would increase with each breath until it reached the relief valve setting.
The relief valve would then begin to vent air to maintain the inner vessel pressure at its
maximum allowable value. This venting wasted gas, reduced the backpacks rated duration,
and tended to increase the oxygen percentage of the liquid air in the dewar.

The geyersing problem was solved by installing a check valve in the liquid withdrawal line
just outside of the inner vessel. The check valve allows liquid air to be withdrawn from the
inner vessel when the user inhales but prevents any gas or cryogen from flowing back into
the inner vessel. A separate line was also added between the check valve and the inner
vessel to allow the dewar to be filled with liquid air. The line is also used to drain the dewar
and to provide a second flow path for breathing air in the event the check valve fails closed.

The second change in the tube layout occurred when the new inner and outer vessel shapes
were adopted. The tubes had to be modified to accommodate the new vessel shapes.
During this redesign, metal bellows included in the previous design were eliminated. Metal
bellows were originally soldered to each tube, near the outer vessel penetration, to provide
some flexibility during assembly and to accommodate thermal expansion and contraction of
the system. However, after assembling and testing numerous breadboards and prototype
backpacks, we determined the bellows were not needed and only increased the tubing cost
and the chances of a leak occurring,

Both previous tube layouts were developed under the constraint that the check valve be
placed as close to the inner vessel interface as possible. The intention was to ensure little or
no liquid air boiled before it passed through the check valve. As a result, the check valve
was located within the dished section of the inner vessel. The resulting tube layouts were
difficult to bend and install. Each tube was unique and the system was expensive to
fabricate and assemble.

This tube configuration was used in the 6 NIOSH dewars. During the redesign effort
following testing of these dewar, the tube layout was changes. The check valve was moved
farther from the inner vessel interface, over to the side of the vessel. The tube layouts were
then simplified. Many of the new tubes were identical to one another, required no
compound bends, and utilized standard bend radius. The time to fabricate and assemble the
tubing was almost cut in half with the new tube layout.

The general design of the vaporizer did not change significantly during Phase II. The Phase
I KSU testing indicated the initial vaporizer design performed adequately. The vaporizer
only needed to be optimized to reduce its weight and production costs, and to ensure the
vaporizer would not be damaged in the event the water froze.

The vaporizer is responsible for vaporizing and warming the air supplied to the user, and

cooling the LCG water. It is a parallel-flow, tube-in-tube heat exchanger that is wrapped
around the dewar inner vessel. Water flows through the inner tube and the liquid air flows
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between the inner and outer tubes. A brass tube is wrapped around the inner tube at a pitch
of 1” and forms a spiral flow passage between the inner and outer tubes. This technique
increases the surface area and film coefficient for heat transfer from the air to the heat
exchanger walls. A small plastic tube also runs through the inner tube. This tube will
collapse in the event the water freezes and will prevent damage to the inner tube. The
vaporizer layout is presented in Figures 5.2-32a and 5.2-32b.

Cryogen
Channel Water
:‘ﬁ// Channel
T P
5/8" / /
[ N —

, Tube
Figure 5.2-32a: Cut Away of Initial Vaporizer Configuration

Figure 5.2-32b: Initial Vaporizer Layout
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In the initial backpack developed in Phase I, the vaporizer tubes were aluminum. The
material was changed to stainless steel in Phase II to allow the vaporizer to be readily
integrated into the new outer vessel design.

One of the primary development tasks for the vaporizer was to lower the production costs.
One option that was considered was the use of a fluted tube. A fluted tube would
accomplish the same result as that of a straight fube wrapped with brass tubing. Such tubes
are used by Turbo-Tec in similar tube-in-tube heat exchangers.

The fluted tubes are made using an automated process and are inexpensive. However, the
tubes add significant weight. The tubes also tend to crack in the event the water in the
vaporizer freezes due to either a LCG pump failure or a blockage in the water flow passage.
In the baseline vaporizer design, the plastic tube running through the center of the water
flow passage deforms if the water in the vaporizer freezes, thereby preventing damage to the
heat exchange; testing during Phase I and II showed that without the plastic crush tube the
inner vaporizer tube would split in the event of a freeze up. However, despite the use of a
plastic crush tube, fluted tubes tended to crack if the water froze. It was assumed that water
became trapped inside the tube flutes during the freeze process. As this water froze, it -
would expand and split the flutes. This phenomenon was observed during failure testing of
several prototype vaporizers that used fluted tubes. Consequently, the possibility of using
fluted tubes was dismissed.

Despite not using fluted tubes, we were able to significantly reduce the production cost of
the vaporizers. Through repeated vaporizer assemblies we perfected the assembly
procedures. We also built several custom fixtures to wrap the brass tubing around the inner
tube and to coil the vaporizer. As a result, we were able to cut the production labor costs
approximately in half.

During Phase II, the thermal performance of the vaporizer also became an issue. We
initially performed a series of tests to characterize the vaporizer performance and to identify
the conditions under which the vaporizer might freeze. One of the prototype packs was used
in the testing. These results are presented in Table 5.2-4. The results indicate that freezing
of the vaporizer is highly dependent on water flow rate and inlet water temperature. Based
upon this testing and preliminary models predicting inlet water temperatures for various
operating conditions, we did not expect freezing to be a problem.
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Table 5.2-4: Initial Vaporizer Freeze Up Testin:

Flow Rate Water Temperature (deg F) Outlet Gas T
Test Gas (SLPM)} Water (GPM) | Inlet QOutlet Delta T {deg F) Freeze:
4.2 1 STD 40 0.4 80 74 6 67.6 no
Hard 80 04 . 80 66.8 13.2 67.5 no
Max. 100 0.4 80 83 17 687.5 no
STD 40 0.4 75 68.7 6.3 ' 67 no
Hard 80 0.4 75 62.5 12.5 66.5 no
Max. 100 0.4 75 57.8 17.2 66 no
STD 40 0.4 69.2 63 6.2 67 no
Hard 80 0.4 68.5 55.5 13 66.5 no

51.5 17.2 65.1

no

12.5 65 no

Max. 100 0.4 '50.8 41.2 18.6 64 no
STD 40 0.4 56 50 8 65.7 no
Hard 80 0.4 56 44.3 11.7 65 no
Max. 100 0.4 55.7 37.8 17.9 64 no

445 Max. 100 0.5 590.6 46 13.6 70 no
100 0.45 59.7 45 14.7 68 no
100 0.4 59.9 44 15.9 66 no
100 0.356 60 41.5 18.5 65 no

Unfortunately, several times during the human testing at OSS and the TUOE demonstrations,
the water in the vaporizer froze. Initially, this failure was attributed to a pinch off in the
LCG which restricted the water flow and caused the vaporizer to freeze. However,
extensive review of test conditions and results indicated that the freeze was not necessarily
due to a reduction in the water flow rate.

The freezing was found to occur when the user was working at low to moderate rates and

the pack had a good vacuum. The problem was initially thought to be caused by heat ,
transfer from the water inlet tube (the tube that runs from the outer vessel to the vaporizer
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inlet) to the inner vessel. During human testing with one of the prototype backpacks, the
LCG and pack reached a steady state condition when removing between 400 W to 500 W of
heat from the test subject. The test subject was wearing a fully encapsulated suit and walked
on a treadmill at 3 mph. The test subject’s breaths per minute was monitored and their
average breathing rate was estimated to be slightly less than the standard NIOSH rate (24
breaths/min @ 1.6L = 40 SLPM). A breathing model developed by OSS indicates that the
‘user is at a metabolic rate between 580 W and 620 W when breathing at a rate of 40 SLPM.
At this breathing rate, heat exchanger calculations predict that the LCG should provide
approximately 300W cooling, assuming a heat exchanger efficiency of 90%. However, the
test data indicated that the LCG load was providing much more than 300 W of cooling.

This additional cooling of between 100 W and 150 W was thought to be provided by heat
transfer from the water tube to the inner vessel. As a result, we conducted a test in which a
prototype dewar was filled with liquid air and water was circulated through the vaporizer.
Sensors in the water loop measured the inlet and outlet water temperatures and the water
flow rate. Contrary to our predictions, the results indicated that heat transfer from the
vaporizer was much less than 100 W.

We were in the process of reviewing this and previous test data to resolve the freezing issue
when the decision was made to shorten the vaporizer from 62 to 40”. The decision was
based upon the need to reduce the backpack weight. The new vaporizer layout reduces the
backpack weight by almost % pound.

The performance of the new vaporizer was estimated based upon testing of 62” long
vaporizer. The vaporizer was covered with thermocouples (every 4”) and wrapped in
insulative foam. Water was circulated in the inner tube at approximately 1/2 gallons per
minute and liquid nitrogen (LN») through the annulus space at various flow rates. The
temperature distribution was measured for the various LN, flow rates. This data, in addition
to estimates on {ilm coefficients, led to the performance estimates listed below.

At NIOSH flow rate:
Qutlet Gas Temperature: 0 °F
Heat transfer to Water: 313W
Heat Exchanger Efficiency: 92%
At NFPA flow rate:
Outlet Gas Temperature: -65 °F
Heat transfer to Water: - 710 W
Heat Exchanger Efficiency: 83%

The performance predictions indicated that the decrease in vaporizer performance was not
unreasonable and so a prototype short vaporizer was developed and incorporated into the
fixed tube dewar built to test the capacitance gauge accuracy. The unit was tested to
quantify the vaporizer performance. During the tests, the proposed shortened vaporizer
installed in the fixed tube dewar was tested this past month. In the test, the dewar was filled
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with liquid air. Water from a 70 °F water bath was circulated through the vaporizer at a rate
of 0.4 gpm. The backpack was connected to a breathing machine and run through the
following breathing profile.

Breathing Rate (SLPM) Breathing Duration (Minutes)

40 (NIOSH rate) 20
80 20
100 (NFPA rate) 40

The vaporizer’s thermal performance is presented in Figure 5.2-33. The figure indicates a
definite decrease in vaporizer efficiency. The outlet gas temperature at the maximum
breathing rate reaches equilibrium at approximately —67 °F. The longer vaporizer typically
produced equilibrium temperatures only slightly below the outlet water temperature. Figure
5.2-34 compares the performance of both the long and short vaporizers. As indicated in the
figure, the heat transfer provided by the two different size vaporizers doesn’t vary except at
the at the maximum breathing rate. At the maximum breathing rate the decrease in
efficiency is approximately 80 W, less than a 15 % drop in performance. The reduction in
weight and the production costs provided by the shorter vaporizer far outweigh vaporizer ‘s
small drop in performance.

2-Hour Short Vaporizer Test - HAL02598
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Figure 5.2-33: Short Vaporizer Test Results
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Figure 5.2-34: Comparison of Short and Long Vaporizer Performance

5.2.7 Dewar Insulation

The dewar is insulated to reduce heat transfer (heat leak) into the inner vessel. The boil off
rate increases as the heat leak increases while the storage time (the amount of time the dewar
can sit on the shelf between filling and use and still provide the rated duration of air)
decreases. If the heat leak is severe enough, the dewar may vent during use. This venting
will reduce the amount of air available 1o the user. We have also observed that excessive
venting, over time, changes the oxygen percentage of the liquid air. The liquid nitrogen in
the mixture tends to boil at a faster rate than the liquid oxygen. Consequently, the liquid air
becomes oxygen rich while the ullage gas becomes nitrogen rich. This phenomenon could
impact NIOSH certification because NIOSH levies tight constraints on the composition of
the breathing gas, specifically on the oxygen percentage.

As a minimum, the backpack must provide a storage life long enough to allow the unit to be
filled with liquid air, the full backpack transported to the work site, and the worker to suit
up. These tasks could take from 1 to 3 hours. Following this delay, the system should be
capable of providing the full two hour rated duration.

In applications where worker response time is critical, such as for fire fighter of emergency
HazMat clean up teams, a longer storage time is desired. For these applications, informal
surveys indicate that users would like to fill units with liquid air at the beginning of a 6 to 8
hour shift. Any time during the shift, the unit should be ready to use and be capable of
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providing the full rated duration. At the end of the shift, the units would either be topped off
or emptied and refilled.

The dewar insulation consists of alternating layers of 0.0003” thick aluminum foil from
Alfoils and a ceramic paper scrim, Cryotherm 243. A picture of this insulation applied to
the inner vessel is presented in Figure 5.2-35. The design of this Multi-Layer Insulation
(MIL) was optimized over the course of the AWPS development. Early during Phase II,
OSS developed simple math models to predict the heat transfer into the dewar. These
models not only included the insulation, but also other sources of heat leak such as
conduction through the suspension system and the tubing. The models were used to assess
the impacts of various design changes in the vacuum/MLI configuration, the suspension
system design, and the tubing selection. A comparison of the results of these early models
are shown in Figure 5.2-36. As indicated in the figure, the largest source of heat transfer,
when the backpack annulus space was evacuated, was from the aluminum tubing.
Consequently, we changed the tubing material to stainless steel.

Figure 5.2-35: Multi Layer Insulation Applied to Inner Vessel
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Configuration Heat Leak {W)

Option Vacuum Suspension System Tubes Vacuum | Cones {Tubes| Total
1 No MLI, Coated Surfaces Cones with Vespel Spacer Aluminum Tubes 0.45 0.32 | 4.620 5.39
2 Na MLI, Coated Surfaces Cones with Ultern Spacer Thin Aluminum Tubes 0.45 0.15 2.376 2.08
3 No MLI, Coated Surfaces Cones with Liitem Spacer Stainless Steel Tubes 0.45 0.15 | 0.265 0.87
4 No MLI, Coated Surfaces Cones with Ultem Spacer Thin Stainless Steel Tubes 0.45 0.15 | 0.136 0.74
5 0.084" MLI, Coated Surfaces Cones with Ultem Spacer Thin Stainless Steel Tubes 0.86 015 10.136] 1.15
6 0.112" MLI, Coated Surfaces Cones with Ultem Spacer Thin Stainless Steel Tubes 0.65 015 ] 0.136 0.94
7 0.169" L1, Coated Surfaces Cenes with Ultem Spacer Thin Stainless Steel Tubes 0.43 0.15 }0.135 0.72
[] 0.112" MLI, Coated Surfaces | New Cones with No Spacer | Thin Stainless Steel Tubes .65 0.09 ]0,136 0.87
9 0.169" MLI, Coated Surfaces | Wew Cones with No Spacer | Thin Stainless Steel Tubes 0.43 009 |0138] 068

0.169" MLI With No Vacuum, .
10 Coated Surfaces New Cones with No Spacer Thin Stainless Steel Tubes 5.96 0.09 | 0138 6.18
7 -
6 EThrough Tubes
B Through Suspension System
E Through Vacuum Space
x
3
-
k]
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T
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Figure 5.2-36: Initial Dewar Heat Leak Analysis Results

This early analysis indicated the importance of maintaining an appropriate vacuum, better
than 1 x 107 torr, to reduce heat leak. In fact, much of the our work on the insulation during
Phase II focused on maintaining a good vacuum for an extended period of time. Through
repeated testing of prototype backpacks built during Phase II, we observed that the dewar
vacuum would slowly degrade over a several week period. As a result, the boil off rate
would increase significantly and frost would collect on the outside of the outer vessel when
the pack was filled with liquid air. We added a series of getters, 10 Combination getters and
3 Supergetters, produced by SAES Getters to help maintain the dewar vacuum.
Unfortunately, this solution did not completely solve the problem; the vacuum continued to
degrade despite the addition of the getters.

We then underwent a methodical study to identify the cause of the vacuum degradation.
The possible causes included off gassing of materials in the vacuum space and permeation
of gasses through the LCP inner vessel. We first tested several LCP samples and
determined that permeation through the LCP was very small. We then quantified the off
gassing of a variety of material samples and found that the LCP and Crest epoxy used to
glue the two inner vessel halves together do off gas in a vacuum. We coated several
samples with metalized films to determine if such coatings would be effective at sealing the
materials. Test results showed that sputtered titanium effectively sealed the LCP but could
not seal the epoxy surface. Unfortunately, the titanium coating was expensive and there
were concerns that the coating would crack due to thermal and pressure cycling.
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During this time, we carefully monitored the vacuum in a variety of prototype backpacks
and discovered that the rate of rise in the vacuum was approximately 3 x 103 torr/day. This
proved to be true whether the dewar was a few weeks old or over a year old. Pressures as
high as 200 microns (2 x 10-1 torr) were measured in the dewars with no sign of the
pressure rise slowing or leveling off. A graph of some of these results is presented in Figure
5.2-37.
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Figure 5.2-37: Pressure Decay Curves for Various Dewars

This seemed to indicate that permeation was the cause of the vacuum degradation,
(outgassing would generally begin to level off). Residual Gas Analysis indicated that most
of the contamination in the dewar was Argon. The theory is that air is slowly leaking across
the pump out plug and possibly across the inner vessel. Since the getters cannot absorb
Argon, it builds up over time, thus causing the vacuum to degrade. The proposed solution is
to attach a molecular sieve packet to the outside of the inner vessel. When the dewar is
filled with liquid air, the molecular sieve will get cold and absorb the Argon and other
residual gasses in the vacuum space. This will cause the vacuum to drop to an acceptable
level during storage and operation of the backpack. This recommendation has yet to be
implemented due to lack of funds.

Initial dewars were equipped a molecular sieve. However, after reviewing the early
assembly and handling procedures, we believe the molecular sieve was contaminated and
out gassed rather than absorbing residual gasses. The new proposed assembly and handling
procedures have been updated to ensure this does not happen in the future.
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5.3 Bottom Box Development

The bottom box is responsible for supplying air to the user, maintaining internal dewar
pressure during operation and storage, and circulating water through the vaporizer and LCG.
The bottom box also provides a means of filling and draining the dewar. During Phase II,
OSS developed and tested preliminary bottom box designs. These designs were turned over
to Scott once the agreement between the two companies was signed. Scott was to optimize
the design to reduce weight and manufacturing costs, and to ensure the bottom box would
meet all of the regulatory requirements.

The bottom box consists of the following six primary subsystems:

- Ambient Heat Exchanger

- Pressure Control System Components
- Additional Valves

- Pump

- Batteries and Electronics

- Structure

Pictures of prototype bottom box buildups are presented in Figures 5.3-1 and 5.3-2. This
section provides an overview of these subsystems and describes the work performed on the
bottom box by OSS during Phase 1. The work performed by Scott is presented later in
Section 5.7.

| Fir 5.3-1: Prototype ottom ox Assembly
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Figure 5.3-2: Prototype Bottom Box Assembly

5.3.1 Ambient Heat Exchanger

The Ambient Heat Exchanger (AHX) is a critical component in the liquid air backpack. It
connects to the vaporizer outlet and is responsible for ensuring air delivered to the user is at
an acceptable temperature. In the event the vaporizer ceases to function properly, the AHX
relies on heat transfer from the environment to vaporize and warm air supplied to the user by
the dewar.

The AHX must be capable of vaporizing and warming air flowing at the maximum expected
flow rate. The focus of the design effort was therefore to obtain sufficient heat transfer from
the heat exchanger while minimizing the its flow resistance, weight, and cost.

At the beginning of Phase II, OSS began testing a variety of AHX concepts ranging from
coiled tubing to stamped plates with flow passages. During this time, we located the only
supplier of aluminum plate heat exchangers in North America, Al Goods. Al Goods heat
exchangers are used in the walls of essentially every household refrigerator and freezer. The
heat exchangers are lightweight, thin plates with flow channels formed into them. They
provide much better ambient heat transfer than the concepts we had previously tested and
can be easily tailored to provide different flow patterns and shapes. The plates can also be
bent to conform to a desired shape.

Al Goods heat exchangers are fabricated by silk-screening the desired flow pattern onto an
aluminum plate. Another aluminum plate is pressed onto the first one. The two plates are
pressure welded to one another except where the screen dye was laid down. The flow
passages are then formed by pressurizing the channels, essentially inflating them.

OSS first obtained sample heat exchangers developed by Al Goods for another project and
tested them. During the tests, the heat exchangers were connected to a low pressure dewar
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of liquid nitrogen. The flow of nitrogen through the heat exchanger was controlled by a
valve located downstream of the unit. Two temperature sensors and a flow meter were
included in the setup to measure inlet and outlet temperatures and nitrogen flow rate. A
picture of this setup is provided in Figure 5.3-3.

Figure 5.3-3: Testing of Al Goods Heat Exchanger

The plate heat exchangers performed exceptionally well. Unfortunately, frost collected on
the heat exchanger when it was tested in a humid environment. Frost is an excellent
insulator. Consequently, the portions of the heat exchanger covered by frost did not provide
good heat transfer. It is understandable therefore that during testing, the area covered in
frost increased and the frost line progressed down the length of the heat exchanger. This
phenomenon is shown in Figure 5.3-4 occurring on a plate heat exchanger prototype we had
developed prior to locating Al Goods.
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Figure5.3-4: “ Fosting of the Ambient Heat Exchanger Prototype

The results for the initial testing of the Al Goods AHX are presented in Figure 5.3-5. For
small to moderate flow rates, the heat exchanger reached an equilibrium, no additional frost
collected on the heat exchanger, and the outlet gas temperature stabilized at an acceptable
value. For large flow rates however, frost would continue to collect on the heat exchanger
and eventually the outlet gas temperature would begin to drop. Various options, such as
using a fan to blow off the frost and to provide some forced convection, were considered.
However, due to safety concerns and potential failure modes, it was decided the AHX would
only employ passive elements.
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Figure 5.3-5: Plate Heat Exchanger Test Results

Based upon this testing and upon a packaging study to determine the length of heat
exchanger that could be placed in the bottom box, OSS ordered a custom heat exchanger
from Al Goods that was 76 long and 9.75” high with a series of flow passages running
down and then back up the heat exchanger. The heat exchanger was made from 0.020”
thick sheets of aluminum 1001. A sketch of the design is presented in Figure 5.3-5.
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OSS received the custom heat exchanger and performed preliminary testing on the units.
The custom design provided sufficient heat transfer. At the standard NIOSH breathing rate
the heat exchanger provided an outlet air temperature close to the ambient air temperature,
and less than a quarter of the AHX frosted up.

Following the initial testing, we coiled one heat exchanger into an oval shape. The AHX
was designed to fit around the rest of the components in the bottom box, with the exception
of the box structure. A fixture was built to help bend the heat exchanger. The AHX
wrapped around the fixture approximately three times, with a gap of approximately 1/2”
between each layer. This layout provided ample room to package the remaining bottom box
components inside the AHX. A sketch and pictures of the coiled heat exchanger are
presented in Figures 5.3-7a through 5.3-7¢.

AHX Layout

AWPS PDR - Ambient Heat Exchanger
Figure 5.3-7a: Sketch of Coiled Ambient Heat Exchanger
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Figure 5.3-7b: Coiled Ambient Heat Exchanger — Side View

at Exchanger — Top View
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Once coiled, the AHX was integrated with the dewar. A perforated external cover, which
acted as part of the bottom box structure, was placed around the AHX to protect it. The
cover was perforated to allow air to flow into the bottom box and over the AHX. The
addition of the dewar and cover reduced the AHX’s natural convective heat transfer.
However, the units still maintained the outlet air temperature at sufficiently high values,
above 40 °F, for the expected breathing rates when the ambient temperature was above 50
°F.

In 1996, we took one of the prototype backpacks to Scott’s New York facility to test its
performance. As part of the testing, we evaluated the AHX performance in cold (25 °F)
and hot (125 °F) environments. Prior to testing, all water was drained from the vaporizer.
During the tests, the backpack was filled with liquid air and placed in an environment
chamber that had been set to the desired temperature. The backpack was then connected to
a breathing machine located outside of the chamber and the breathing machine run at the
standard NIOSH rate until the backpack was empty. Throughout the test, the mask
temperature and the AHX inlet and outlet temperatures were recorded.

The backpack was first tested at room temperature, then in a hot environment, and finally in
a cold environment. These results are presented n Figure 5.3-8 through 5.3-10. The results
indicate that even at temperature extremes the ambient heat exchanger can provide
acceptable breathing gas temperatures.
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Figure 5.3-8: AHX Test Results at Room Temperature
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This design was handed over to Scott in 1998 when they assumed responsibility for the
bottom box design. 1t was expected that Scott would resolve the primary remaining design
issue, that of coating of the AHX to prevent corrosion.

5.3.2 Pressure Control System Components

The pressure control components are responsible for maintaining the inner vessel pressure
between 35 and 40 psig during storage and operation. The primary components arc a
Pressure Closing Valve (PCV), three relief valves (RVs), and three check valves (CVs).
These components are shown on the schematic in Figure 5.3-11. The specific layout for
much of the pressure control system components and detailed catalog information is
presented in Appendix C.
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Figure 5.3-11: Phase 11 Backpack Schematic

‘The PCV acts a supply regulator for the inner vessel. During operation as the user inhales, a
slug of liquid air is pulled through the check valve inside the dewar into the vaporizer where
it quickly boils. This creates a slight pressure increase in the vaporizer and AHX. The
internal CV prevents this pressurized fluid from flowing back into the inner vessel. We -
found that without this check valve, the internal dewar pressure would slowly increase with
each breath until the pressure reached the relief valve pressure at which point the RV would
begin to vent at a rate higher than to be expected.
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If the inner vessel pressure drops below the PCV set point, the valve will open and allow the
slightly higher pressure air in the vaporizer and AHX to pressurize the inner vessel. A
check valve is placed between the AHX and the PCV to prevent gas being drawn from the
inner vessel ullage when the PCV is open and the user inhales. This check valve was added
during Phase II to improve the performance of the pressure control system. The lack of this
valve may have been the cause of the low dewar pressure during the first twenty minutes of
use experienced in the KSU evaluvations. This phenomenon was not observed in the Phase I
system testing.

Both of these CVs use a metal-to-metal seat. When propetly cleaned, both of the valves
work well. However, if they become dirty both tend to fail open. Once during breadboard,
testing the internal check valve failed close. It was suspected that a piece of debris was
lodged in the CV housing; following the test, the CV was freed up by repeatedly
pressurizing the backside of the valve with gaseous air. When the internal CV failed close,
the by-pass check valve was forced open and the backpack was able to provide breathing to
the user.

The by-pass check valve was added to the schematic during Phase II for such a failure.
During an updated FMEA performed during Phase II, the internal CV was identified as a
single point failure that could block the flow of air to the user. As a result, a second tube
and the by-pass CV was added to provide a redundant flow path for the breathing air. The
cracking pressure of the by-pass CV is slightly higher than the internal CV cracking pressure
to ensure that during nominal operations the by-pass valve remains closed.

The internal CV failure previously mentioned was identified by a small drop in dewar
pressure, a drop in vaporizer performance, and frosting of the AHX. The failure highlighted
the need to properly clean the system during assembly and to filter the liquid air being used
to fill the dewar. One option that was considered to prevent this specific failure from
occurring again was to install a screen filter directly upstream of the internal CV. Thisis a
standard option offered by LEE, the maker of the internal check valve. However,
breadboard testing indicated that the flow resistance across the screen was too great to
provide adequate flow to the demand regulator. Addition of the screen caused the mask
pressure to drop negative, an unacceptable condition.

The relief valves are present to prevent the dewar from over pressurizing during storage.
When the dewar has been filled, the inner vessel pressure will increase as some of the liquid
air boils due to heat leak into the system. Once the internal pressure reaches 40 psig the
primary relief valve will begin to vent to maintain the dewar pressure. A second 40 psig
relief valve is added to the system as a redundant pressure relief mechanism. The third relief
valve is set at 80 psig and prevents the pressure in the vaporizer and AHX from exceeding
their operating pressure.

The schematic shown in Figure 5.3-11, was developed by testing a variety of breadboard

configurations early in Phase II. The schematic is slightly different than the one developed
in Phase I. The bypass and PCV check valves were added for reasons previously discussed.
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The burst disk used in Phase I was also replaced by a relief valve. This decision was made
in order to reduce the number of different components. Furthermore, the burst disk was
bulky and its rupture pressure changed considerably with temperature. This change with
temperature raised concern that the disk would burst at too low of a pressure when at
elevated temperatures or, more importantly, at too high a pressure when at cold
temperatures.

The metering valve included in the Phase I system was deleted during Phase II. The valve
was removed for several reasons. A failed open metering valve could cause the vaporizer to
freeze and could tax the AHX such that the air temperature to the user would drop to
unacceptably low values. Furthermore, the metering valve vents air, and therefore reduces
the backpack’s duration. Based upon these issues and on the fact testing indicated a system
without a metering valve still provided an adequate amount of cooling, the metering valve
was removed.

Additional efforts components in Phase II focused on identifying reliable components and
on packaging the components in a cost effective, compact unit. The components that
demonstrated the lowest reliability were the low pressure (40 psig) relief valves. Often these
valves would begin to vent cold gas and frost would collect on the valve, preventing it from
reseating at the proper pressure. The higher pressure relief valves were not plagued with the
same failure. The spring on the higher pressure valve is substantially stronger and is able to
consistently reseat the valve even if a small amount of frost has formed.

Three potential vendors for the low pressure relief valves were located, Essex, Circle Seal,
and Macro Technology. The designs of the Circle Seal and Macro Technology valves are
similar and much more compact than the Essex design. Unfortunately, these valves are also
more prone to failure. The seal in these valves is much more exposed to the ambient air
than it is in the Essex design. As a result, the seal seats are more likely to collect frost and
prevent the valve from resealing. The poppet is the Circle Seal and Macro Technology
valves can also be easily damaged if not handled properly.

Essex also produced the PCV we used. Essex is the only vendor found to offer a compact,
light weight, pressure closing valve. The PCV proved to be very reliable during component
and system testing.

It was expected that Scott would build upon our initial designs and valve selections to
develop an optimal pressure control system that was more reliable. It was hoped that the
pressure control system weight could be reduced by adding manifolds and potentially
housing the valve packing directly in the manifold, thereby eliminating the need for a
separate valve body. Unfortunately, Scott was not able to complete this work, sec Section
5.7.

5.3.3 Additional Valves

Two manual valves and a check valve are used to fill and drain the dewar. The vent tube
exiting the dewar is connected to the common port of a stainless steel 3-way valve produced
by Hoke. In one position, the valve connects the vent tube to the ambient environment.
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This position is used-to fill the vessel. It allows gas in the ullage space to vent from the
inner vessel as the vessel is being filled with liquid air through the fill tube. In the other
position, the valve connects the vent tube with the pressure control system components.
This position is used during storage and operation.

The body of the 3-way valve is machined down to remove extra material and reduce the
weight of the valve. The handle of the valve is also removed. The valve has to be actuated
using a simple tool developed to interface with the valve stem. This approach not only
reduces the valve weight, it also prevents the valve from accidentally being actuated when
the backpack is in use. The valve only needs to be actuated immediately prior to and
following a fill. :

The other valve is a light weight, aluminum toggle valve connected to the fill/drain tube
running from the dewar and produced by Macro Technologies. This valve is used to drain
the inner vessel. A compact, aluminum check valve produced by Circle Seal is also
connected to this tube and is used to fill the inner vessel. The check is connected to the
recharge station and allows liquid air to flow into the dewar but not out of it. The end of the
check valve is capped after the dewar has been filled. This is done to prevent debris from
getting up inside the valve and to prevent liquid air from draining out of the dewar in the
event of a leak in the check valve.

A separate fill/drain valve and check valve were used because these components proved to
be the most reliable, lightest weight combination to allow the system to be filled and
drained. We considered eliminating the check valve and filling through the drain valve.
Unfortunately, this valve did not provide sufficient flow and the valve tended to freeze open.
This made it difficult to close after a fill. We also considered eliminating the fill/drain valve
and use a custom tool to actuate the check valve and allow the liquid air to flow back
through the valve. Given the project constraints we opted to use a separate off-the-shelf
valve.

The final valve in the system is a plastic ball valve used to shut off from the backpack to the
regulator and mask. The regulator has a shut off switch to stop the flow of air when the
system is not in use. The plastic on/off valve acts as a back up in case the regulator leaks.

Various valves and configurations were evaluated for these applications. The intent was to
utilize off-the-shelf hardware where possible to prove the functionality of the system. As
previously mentioned, custom valves and packaging were to be developed by Scott.

5.3.4 Pump

The pump is connected to the water inlet tube via a short Tygon tube. The pump circulates
water through the vaporizer and the LCG between a rate between 0.4 and 0.5 gpm. A
variety of pumps developed by companies such as Tuthill and Greylor, were considered for
this application. However, none met the performance requirements within the given the
weight, power and volume constraints. As a result, OSS developed a custom pump for the
backpack.
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OSS developed a positive displacement pump that uses a custom wound Pittman motor.
The pump head uses two off-the-shelf spur gears and is housed in a machined plastic case.
The case lid is bolted down and an elastomer gasket is used to seal the interface. A spring-
energized seal is used to seal against the motor shaft.

The design is compact with an envelop of 3.5” x 1.2” x 1.3” and weighs only 0.4 pounds. A
picture of the pump is provided in Figure 5.3-12. The pump is extremely efficient, It is able
to flow between 0.4 and 0.5 gpm against a head pressure of 6 to 8 psi for less than 6 W (1
amp at 6 volis). Various performance curves for this pump were generated during
development testing and are presented in Figures 5.3-13 through 5.3-15. In these figure, the
current pump design is referred to as Pump 2 — 6V.

Fige 5.3-12: Backpac Pump
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The only drawback with this design is that the shaft seal may need to be replaced on a
regular basis. However, not enough testing of the pump was completed to clearly resolve
this issue before the design was relinguished to Scott.

5.3.5 Electronics and Batteries

A block diagram of the backpack electronics is provided in Figure 5.3-16. The backpack
electronics are responsible for:

- Monitoring the capacitance gauge,

- Identify and alerting the user of any failures,
- Driving the gauge display,

- Controlling the audible level alarm,

- Monitoring the battery charge, and

- Monitoring and controlling the LCG pump.

0SS developed an integrated microcontroller based circuit to execute these functions. The
circuit is powered by a +12V power supply of battery. The microcontroller allows complete
flexibility in the electronic design. Changes to the electronic logic and gauge display
operation can easily be changed by modifying the microcontroller software. In our current
design, approximately 30% of the programming space and 10% of the RAM on the
microcontroller chip have been used. More detailed information on the specific design of
the electronics system is presented in Appendix D.
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Figure 5.3-16: Electronics Block Diagram

This system has been built and successfully demonstrated in numerous tests. The design
and microcontroller software were handed over to Scott when the agreement was signed.
Scott focused on ensuring the electronics package was explosion proof.

During operations, the electronics package is powered by a nickel metal hydride (NiMI)
battery pack developed by Harding Energy. The battery pack is made up of nine A-cells
linked in series.

The battery pack is designed to provide a nominal of approximately 7 W of power at 12
volts for two hours. A voltage regulator in the electronics package provides a steady voltage
for the microcontroller, the pump, and the gauge display. The microcontroller monitors the
battery performance to ensure the voltage is not drained low enough to damage the battery
cells. The microcontroller will first cut off the LCG pump to conserve power once the
battery voltage reaches the first set point of 10 V. If the voltage drops below 8 V the battery
pack is shut down completely. -

Initially, we considered using more proven nice batteries. However, after doing extensive
research and reviewing test data provided by the vendor we concluded that a NiMH battery
pack could meet our requirements, was safe, had a higher capacity than NiCd batteries, can
be quickly charged, and has no memory effect.
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5.3.6 Bottom Box Structure

The bottom box components are protected by an exterior cover and interior structure. The
cover protects the components from being hit while the both interior structure and cover
help to absorb the impact if the backpack is dropped. The cover also provides attachment
points for the backpack harness.

The cover consists of a solid aluminum plate 0.06” thick that is rolled along the sides to
conform to the one half of the dewar bottom. The plate fits around the back of the backpack
between the pack and the user’s lower back. It is bolted to two of the brackets welded to the
bottom of the dewar. The plate has a series of holes drilled in it through which the harness
belt is attached. The front of the cover consists of a perforated aluminum plate, 51% open
and 0.06” thick. The front plate is open to allow air to flow into the bottom box and past the
ambient heat exchanger in the event of a vaporizer failure.

The front plate is bolted to the remaining two mounting brackets on the bottom of the dewar.
Like the back plate, this front plate is rolled along the sides to conform to the bottom of the
dewar. The two plates overlap each other along each side of the bottom box and are bolted
together at this point. Nut plates are attached to one of the covers to simplify assembly of
the structure.

The internal structure that helps support the bottom box consists of an upper bracket, a lower
bracket, four tension rods, and eight spacer brackets. A simplified sketch of the structure is
provided in Figure 5.3-17. The upper bracket is bolted to the four mounting brackets
welded to the bottom of the dewar. Four spacer brackets are then bolted to the upper
bracket. Three nylon bumpers are screwed into each spacer bracket. These bumpers fit
between the AHX coils and hold the heat exchanger in place. Four tension rods are bolted
to the upper bracket. The lower bracket is identical to the upper bracket and is bolted to the
bottom of the tension rods. The lower bracket is also equipped with four spacer brackets
that help to hold the AHX in place. Pictures of the lower bracket are presented in Figures
5.3-18 and 5.3-19. As shown in the figures, an additional plate is bolted to the lower bracket
to hold the electronics On/Off switch and a bulkhead electrical connector that can be used to
recharge the battery.
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Upper Bracket

Tension
Rods (x4)

Lower Bracket
Spacer Brackets

with Plastic Spacers

Figure 5.3-17: Simplified Sketch of Bottom Box Structure

Figure 5.3-18: Bottom Bo Structure Lower Bracket
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Flgurg 5.3-19: Lower Bracket Integred with Bottom Box Structure

During Phase II, a variety of configurations for the bottom box structure, such as
honeycomb and composite structures, were considered. The selected approach was
considered the optimal solution given the cost, schedule, and weight constraints of the
program.

During the testing and demonstrations performed during Phase 11, this design worked well.
However, we did not expose the backpack fo the full range of loads that could be
experienced during field operations, in large part, because these loads are not well defined
and no such testing in required by NIOSH. As a result, Scott worked to optimize and
strengthen the bottom box structure and ensure it could withstand a reasonable amount of
anticipated wear and tear.

5.4 Mass Budget

Weight is one of the largest concerns for the two- hour backpack. NIOSH requires standard
self contained breathing apparatus to weight less than 35 pounds. However, the SCBA can
weigh up to 40 pounds, when full, if the apparatus contributes materially to the user’s
comfort, e.g. by providing cooling to the user. Since the backpack must contain
approximately 14 pounds of liquid air to provide a 2-hour NIOSH duration, the dry
backpack weight cannot exceed approximately 26 pounds. The initial backpack built during
Phase I exceeded this limit by slightly more than 5 pounds.
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As a result, considerable effort was focused on reducing the backpack weight. The titanium
outer vessel/LCP inner vessel configuration was chosen because it offered the lightest
overall design and the inner vessel redesign was undertaken to increase the inner vessel’s
rated pressure without increasing its weight.

Figure 5.4-1 charts the actual and design weights tracked throughout the project and Table
5.4-1 shows where some of the largest weight savings have occurred. As indicated in Figure
5.4-1, the current backpacks that have been built, i.e. the actual weights presented in the
figure, still exceed the weight requirement by nearly 1 pound. However, the design weight
1s significantly less than the actual. This difference is due to design changes that have been
made but that have not been incorporated into a complete backpack and the new system
tested. ‘
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Figure 5.4-1: Mass Tracking Chart
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Table 5.4-1: List of Major Mass Savings

Backpack Modifications Implemented
Backpack Modification Weight Savings

(lbs)
Switch to Current Outer and Inner Vessel Designs 1.60
Optimize Harness 0.50
Weight Relieve Bottom Box Valves 0.60
Trim and Reduce Length of Ambient Heat Exchanger 0.80
Reduce Vaporizer Wall Thickness 0.26
Switch from Cone to Spoke Suspension System 0.50

A summary of these modifications are presented in Table 5.4-2. Because these changes
have not been. actually implemented, there are potential errors with the weight estimates.
However, based upon our extensive experience with these systems, we feel the potential
errors are well within the current 1 pound margin between the weight requirements and the
projected design weight and therefore, the backpack will meet the weight requirement.
Figure 5.4-2 provides a breakdown for the final backpack design.

Table 5.4-2: Design Changes to Meet 40 Pound Requirement

Proposed Backpack Modifications
Backpack Modification Weight Savings

(Ibs)

Shorten Vaporizer 0.27

Build Optimized Motor and Pump Head 0.19

Manifold and Lighten Bottom Box Valves 0.57

Lighten Bottom Box Structure 0.22

Reduce OV Thickness from 0.060" to 0.055" 0.34

Optimize Electroni d El i i
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Weight Breakout for 2-Hour Backpack

v Cryo
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Electronics
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Bottom box
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7%

Titanium outer vessel
13%

Figure 5.4-2: Weight Breakdown of Proposed Final Design

5.5 Human Testing at 0SS

Prior to the second IUOE demonstration in the summer of 1997, OSS performed a series
manned tests to evaluate various LCG designs and configurations. These tests were divided
into three phases. During the first phase, the performance of four different LCG designs
was evaluated. A new optimized LCG design was developed based upon this evaluation
and tested during the second phase. During the final phase of testing, the new LCG was
tested with the remaining AWPS ensemble. The details of this testing and the specific
conclusions reached are presented in Appendix E.

5.6 IUOE Demonstrations

5.6.1 Initial JUOE Evaluation

In late 1995, the AWPS was chosen to be evaluated at the new International Environmental
Technology Training Center on the grounds of the U.S. Mining Academy in Beaver, West
Virginia. The mission of the IUOE and the Technology Training Center 1s to evaluate new
technology that is planned for use by the Department of Energy.

The general objective of the IUOE Technology Evaluation was to gain user input and field
experience to augment the development of the AWPS. Specifically the JIUOE wanted to:
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+ provide user feedback on comfort, operation, encumbrance, and ease of use for input
into the final stages of the design of the AWPS,

+ surface any design problems with the system’s ruggedness and robustness in a
realistic environment,

+ demonstrate the potential of the system for increasing user work times and
decreasing recovery times for tasks which simulate actual decontamination
activities, and

+ shake down and help evaluate the new IUOE test facilities,

The intent of this IUOE Technology Evaluation Program was to test units that were as close
to the future certified units as possible. Two AWPS prototypes, with one hour duration,
along with liquid cooling garments, splash suits, and a recharge station were taken to the
IUOE's International Environmental Technology Training Center for evaluation in
September, 1996.

Using the IUOE’s standard protocol for given tasks, the AWPS was integrated into the
protocol in place of the standard compressed air SCBA typically used. The IUOEs
protocols are similar to those typically used to qualify personnel for specific tasks. In this
case, the protocols used field experienced personnel to assess the capabilities of a new
technology.

Prior to the evaluation, the IUOE operators were given instruction on filling the AWPS
backpacks; the backpacks were filled using the recharge station mated with the TUOE’s
standard SCBA cascade/fill system. The IUOE operators were also given instructions on
donning the LCGs, donning the splash suits, and donning the backpacks. Using the AWPS
backpack and splash suit was not much different from using standard SCBAs and protective
suits the operators were familiar with. The operators were also familiar with the Scott
facemask, which further facilitated their training. However, donning and interfacing with
the LCG represented new tasks and required the most instruction.

As soon as the system was donned the users began to understand the benefits of the full
body cooling supplied by the system. The operation of the system could be monitored using
the mask mounted display system.

The evaluations took place from Wednesday September 18th, through Saturday September
21st. In all, twelve complete tests were conducted using each of the two AWPS packs. The
tests covered seven of the IUOE Test Protocols. The protocols used in order were: Vertical
Confined Space Entry, Water Pail Carry, Horizontal Confined Space Entry, Worker
Decontamination, Wheel Barrel Push, Heavy Equipment Operation, and Heavy Equipment
Decontamination. User comments were captured on standard forms and analyzed.

The most valuable result of the evaluation was feedback from the actual users on all aspects
of the system. Comments on overall comfort of the garments and the backpack were
important to creating a final product that is more acceptable to the end user. How the
system operates, and how the user interfaces with the system was also important to the end
user. Because the AWPS is a new technology, and has slightly different interfaces than a
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standard SCBA, any encumbrances found by the user were regarded as important
information.

Another important aspect of the evaluation process was to determine if the AWPS was ready
for the “real world”. The protocols completed during the evaluations were an excellent
milestone in the determination of the systems ruggedness and ability to withstand normal
field use. This was the area that OSS was most interested in gathering data. The equipment
must be capable of handling the rigors of every day use. The equipment did not fail to
supply the user air during any of the testing. Other components of the system will be
optimized to better suit the environment.

The AWPS was also successful at demonstrating its capability to reduce the onset of heat
stress, decrease the recovery times normally required of workers in these situations, and
increase the work times of the worker. As stated above, workers were checked for pulse,
respiration, blood pressure, and oxygen saturation in the blood, before the test, immediately
after the test, and approximately twenty minutes following the test. The test subjects
showed little to no signs of heat stress, and pulse rates recovered quickly after doffing the
respirator. “

The evaluations also sought to determine how well the evaluation process worked both for
the TUOE and for OSS. OSS felt that this was an outstanding opportunity to evaluate the
AWPS technology in a field environment. When the equipment did experience
symptomatic problems, the OSS personnel on site were altowed to diagnose the problems so
that the equipment could be properly optimized at a later date. Because of this type of
cooperation throughout the evaluation process, we were able to improve the AWPS design.

The backpacks never failed to supply the user air throughout the testing in any environment
and in any orientation. During several of the tests the packs electronics turned the pump off
when it sensed what it thought was a problem in the system. The reason was a constricted
water line in the LCG that was created by the body harness worn for Confined Space Entry
work. This was discovered during the first Vertical Confined Space Entry test. The water
circulating pump shutdown approximately fifteen minutes into the test protocol. Because
the user was still receiving breathing air the protocol was completed, and the user remarked
that he remained cool throughout the exercise. The remaining three tests involving
Confined Space Entry proved to highlight the same problem with the system.

While performing some of the other tests the pump appeared to be laboring while the
worker performed certain tasks that in some way were constricting the flow of water. This
information is invaluable for improving the design to make it more rugged for field use.
Information on user comfort, and any encumbrance of the system was also gathered during
these same tasks. All comments on the backpack itself were complimentary in the way it
fit, how it felt, and it's weight.

The AWPS one-hour system extended no further from the user’s back than five inches. This

allowed the subjects to enter the confined space tube without removing the backpack.
Ascending the catwalk on the vertical tower was also made easier by this low profile.
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Comments on the LCGs were also complimentary. The water hose interfaces between the
backpack and the LCG were said to be annoying, and could be an encumbrance because of
the way they were looped out of the splash suit. The splash suits obtained many comments
on the fit and feel, the lack of visibility of the hood, and the ambient noise created by the
moving of the material. '

Other user related information that came from the testing was the ability of the worker to
“recover” after a protocol was performed. Pulse rate, breathing rate, blood pressure, and
oxygen saturation measurements were taken prior to each test, immediately after each test,
and five minutes after each test to determine the worker’s recovery rate. After each test the
test subject/worker was able to recover and be prepared for another test within twenty
minutes. With current systems, this recovery period can last as long as an hour.

The primary application of this technology is to the worker in the Decontamination and
Decommissioning of the many DOE sites. The JUOE field testing verified that the AWPS
relieves the worker of the symptoms of heat stress and allows the worker to be more
efficient and concentrate more on the task at hand. One of the heavy equipment operators at
the TUOE technology evaluations while wearing the AWPS on a backhoe actually said
“because I was not worried about getting hot and stressed in the suit, I was able to
concentrate better on operating the equipment and doing my job”. :

5.6.2 Second IUOE Evaluation

In the summer of 1997, the DOE requested a second evaluation of the AWPS by the IUOE.
The evaluation was conducted at the William C Waggoner Training Center for the Southern
Nevada Operating Engineers JATC. This second evaluation allowed the IUOE to provide
feedback on the latest AWPS design. Two AWPS prototypes, each with a two hour
duration, along with liquid cooling garments, splash suits, and a recharge station were taken
to the TUOE’s training center in Nevada for evaluation in October, 1997.

The cooling garments used in this evaluation were significantly different than other cooling
systems currently available, and were an improvement over the LCG design used in the first
evaluation. At the time of the evaluation the LCG design was patent pending. Since then,
OSS has been awarded a patent on the concept and design.

The LCG uses a series of heat sealed “patches” placed over the major muscle groups that are
interconnected with tubing and integrated into a form fitting garment. The large surface
area of the patches allows for maximum heat transfer using warmer water than typically
used in ice powered cooling systems. The warmer water minimizes the possibility of vaso-
constriction, and reduces the probability of water freezing in the vaporizer. All of these
features combine to form a cooling garment that is easily used, easily maintained, and highly
efficient. The cooling garment could also be used without the backpack whenever a heat
sink is available such as on heavy equipment, or when using supplied air umbilicals.

The evaluations took place from Monday October 6th, through Thursday October 9th. Four

test subjects each performed six different activities typical of field operations using the
AWPS. The protocols used in order were: Water Pail Carry, Horizontal Confined Space
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Entry, Wheel Barrel Push, Worker Decontamination, Heavy Equipment Decontamination,
and Heavy Equipment Operation. Vertical confined space entry was not conducted.
Control runs using Level D, and Level B suits with a traditional SCBA were planned but not
conducted due to time constraints. User comments and physiological measurements were
captured on standard forms and analyzed.

This evaluation provided the first successful large scale demonstration of the new 2-hour
backpack design, production run LCGs, and a new splash suit that incorporated a caribiner
pass-through, a front zipper, and secure glove rings. The system provided positive pressure
air to the users at all times and reliably cooled the user. We were able to eliminate all but
one of the LCG pinch off points.

As in the previous evaluation, the [UOE operators were given instruction on filling the
AWPS backpacks, donning the LCGs, donning the splash suits, and donning the backpacks.
TUOE personnel were able to fill the backpacks with minimal training but several comments
were made that recharge station design was immature and that the fill process took too long
and used too much consumables. These comments were understandable because we had not
spent a considerable amount of time on the recharge station.

During the testing, we collected a variety of useful comments and observations, which are
summarized below. These comments and observations were used to update the AWPS
design. Unfortunately not all of the modifications could be implemented due to budget and
schedule constraints.

+ Everyone liked the cooling provided by the LCG.

+ The glove design was well liked and proved to be a good feature of the new outer
suit.

o The backpack was perceived as too complicated.

¢ The “hood” on outer garment was too restrictive (visibility). This was in part due to
the caribiner pass-through. It restricted head motion in a horizontal confined space
such that the user couldn’t look up/forward.

« The cut of outer garment and garment fabric was too restrictive. The users like
current PVC suits with the backpack outside and windbreaker style hoods. Keeping
the backpack inside suit is too restrictive of suit type. Our conclusion was that there
is not one technical solution for all scenarios.

« Despite training, users still wear the backpack on shoulders not waist. The backpack
is intended to be worn like hiking backpack, where the majority of the weight is
carried on the hips. Other users commented that the harness make backpack ride too
low on back, making it more difficult to maneuver.

« Any backpack worn while on heavy equipment is too thick. Even when operator
could manipulate machine, the backpack restricted the user’s mobility and visibility,
potentially making the operation unsafe.

« The backpack was too big for 24” confined space entry. There is very little that can
be done to correct this problem. It maybe that a 1-hour pack or a backpack sized for
a 90 minute duration be used for confined spaces. We proved during the first
demonstration that the 1-hour pack would fit in the 24" confined space entry.
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» Users commented that the recharge process takes too long. One suggestion to
reduce the fill time and simplify the process is to add cryogen Quick Disconnect
(QD) on backpack fill line.

s The two piece suit makes decontamination much harder, if not impossible.

» The need for a scape air source was raised.

« The booties were annoying and sometimes painful primarily due to poor fits. The
general consensus was the users would prefer no booties, and would like to wear
regular size boots and simply tape their cuffs to the boots. We also observed that our
boot cuffs too low and thus provided a crevice that was hard to decontaminate.

+ The comment was made that “air suddenly became uncomfortably warm™ after
approximately 10 minutes of exertion. Consistent comments were made that air was
too warm. We have recorded these comments before when testing a cooling system
by itself. However, when the user tests a standard SCBA (one with no cooling) after
using the AWPS, they comment that the AWPS provided much more comfortable
work conditions.

« The suggestion was made that a ratchet or push & turn feature be added to the
regulator’s purge valve to eliminate accidental purging of the regulator.

5.7 Scott Aviation Participation in AWPS Development

As of July 5, 1995 Scot Health and Safety Products expressed an interest in manufacturing
and marketing OSS’ lquid air backpack as a commercial product. They agreed in principle
to participate in the development and production of the bottom box, mask and regulator, and
the recharge station. They would also obtain NIOSH certification for the system and
provide all documentation required by NIOSH, including user manuals. Two of these
manuals are among the three originally to be developed and delivered for the AWPS
contract. Scott would assume responsibility for completing the design and manufacturing
the recharge station. All of this work, including producing six backpacks for use in NIOSH
certification in support of the AWPS contract, would be done at no cost to either OSS or the
DOE.

Early in Phase II, Scott developed a low pressure regulator that operated with a source
pressure of 40 pisg. This was a significant improvement over the Interspiro regulator used
in Phase I, which required a source pressure of 60 psig. This new regulator allowed the
dewar pressure to be reduced to 40 psig. The regulator interfaced with one of Scott’s
existing masks,

Scott’s early participation in the program also involved evaluation and testing of OSS
hardware. They uncovered several limitations in the prototype designs during these tests.

Throughout 1996, OSS prepared for Scott’s active involvement with the development of
AWPS hardware. OSS held a major technical review for their benefit in June and another
coordination meeting in August. At the August meeting, both parties decided that to control
the configuration of the system OSS would build two identical backpacks, one to remain at
OSS and one to be located at Scott’s facility in Buffalo, New York. Any changes made to
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the design would be implemented in both backpacks. In 1997, OSS built two configuration
control units that reflected what was thought to be the final dewar design.

From the initial meeting in 1995, OSS and Scott worked to develop a business between the
two companies. Scott worked only at a low level of effort prior to the signing of the
agreement on February 10, 1997. After the signing, Scott began work on the bottom box in
earnest. Over the next year Scott began to make progress on the design of the bottom box.

However, in 1998 Scott became increasingly concerned about the backpack production
costs, its weight, and the slippage in schedule as a result of the design modifications. Asa
result, the agreement between OSS and Scott was terminated in October of 1998. Several
months after the termination of the agreement, OSS sent representatives to Scott to review
the progress Scott had made and to collect the OSS hardware that Scott had in its
possession. The following paragraphs provide an overview of Scott’s work.

Following the signing of the agreement, Scott used the configuration control pack in their
possession to test a variety of pressure control configurations and components. It was hoped
that the size, weight, and costs of previously assembled prototype systems could all be
reduced with custom components and manifolds that could be easily mass produced using
Scott’s manufacturing facilities. Scott also worked on the design of a custom low pressure
relief valve that would be more robust and reliable than the ones tested by OSS. The valve
worked well in initial testing.

In parallel, Scott worked on a new pump and an integrated LCG QD/bypass connector.
They developed and injection molded pump head based upon the design OSS had originally
developed. Scott also had a new custom Pittman motor developed for the pump, and began
to look at different motor shaft seals. The new pump design was intended to be more
rugged, cost less to mass produce, and be explosion proof;, NFPA requirements dictate the
pump and batteries must be explosion proof. The leading concept for making the pump and
batteries explosion proof entailed encasing them in a sealed injection molded housing.

Using the concept of a ganged quick disconnect that incorporated a bypass valve, Scott
developed a light weight, compact LCG QD/bypass connector. The purpose of the by-pass
was to allow pump to continue to circulate water through the vaporizer in the event the LCG
was either pinched off or disconnected from the backpack, and thus help prevent the
vaporizer from freezing. The unit was shown to DOE and IOUE representatives at the
second IUOE demonstration and worked well in testing. However, the design needed to be
modified to reduce the production costs.

Scott worked on three other primary bottom box components, the ambient heat exchanger,
the bottom box structure, and the electronics. After reviewing OSS test data and performing
preliminary testing of their own, Scott ordered a slightly different plate heat exchanger from
Al Goods. The new heat exchanger was slightly longer and had slightly different interfaces
than the design developed by OSS. Scott also tested different coating for the heat
exchanger. Since the heat exchanger is made from 3000 series aluminum, it is very
susceptible to corrosion. As a result, the heat exchanger needs to be coated to pass the
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NIOSH corrosion test and to ensure it will not develop corrosion leaks over time. However,
there was a concern that a coating might reduce the heat exchanger’s effectiveness.
Unfortunately, no conclusive results on coatings were obtained before Scott halted work.

Scoft built and tested several bottom box structures. The initial designs were similar to the
prototypes developed by OSS. They were much stronger than the ones built by OSS but
also much heavier. Scott performed a series of drop tests on the structures. A backpack
mockup was attached to each structure and the unit dropped from shoulder height onto a
concrete floor. As a result of these tests, stiffening features were added to the structure.

Scott also contacted vendors capable of inexpensively mass producing the structure. Such
techniques as stamping and deep drawing were considered. The most cost effective
technique identified used formed sheet metal parts that were riveted together to create the
bottom box structure. Scott was able to produce a rugged, cost effective structure design.
However, the design exceeded the structure’s weight budget and needed to be further
optimized to reduce the weight without sacrificing strength, if possible.

OSS and Scott both spent time developing the interface specifications between the dewar
and the bottom box and developing new electronics for the backpack. Early in 1998,
position of tube penetrations in the outer vessel and the bottom box mounting brackets were
finalized. This allowed Scott to develop an
interface contro! drawing that clearly
specified the mechanical interfaces
§ between the subsystems being developed
by each company. OSS also worked on the
performance  specifications and  the
verification and validation testing required
on the dewar and the complete backpack.
Drafts of these documents and procedures
were developed and reviewed by both
companies,

In addition to the bottom box components,
Scott assumed the responsibility for
developing a commercial version of the
recharge station. Scott developed and
tested a prototype recharge station. The
station was similar in external appearance
to a recharge station developed by OSS for
NASA, see Figure 5.5-1. Little details on
the Scott’s design was obtained when the
agreement was terminated.

Figure 5.7-1: OSS Recharge Station for NASA
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6.0 Conclusions and Outstanding Issues

During this seven year effort, OSS successfully developed and tested a prototype Advanced
Worker Protection System that provides breathing air, body cooling, and Level B protection
to the user. We clearly demonstrated through repeated testing that a system providing
cooling can significantly increase worker productivity by extending the time they can
function in a protective garment. Tests demonstrated that subjects using the AWPS can
operate up to 2 1/2 times longer than when using a gas-based SCBA that does not provide
cooling. This increases end-to-end task efficiency by at least a factor of 5 because not only.
can the user operate longer when suited, the time to recover from a suited operation is
greatly reduced.

Tests also showed that workers could more clearly focus on the task at hand when they
received cooling. One of the heavy equipment operators at the first IUOE technology
evaluations while wearing an AWPS prototype on a backhoe said “Because I was not
worried about getting hot and stressed in the suit, I was able to concentrate better on
operating the equipment and doing my job.” -

Another graphic demonstration of the effectiveness of the cooling provided by the AWPS
occurred at a DOE demonstration in Nevada in 1997. During the demonstration two
workers performed standard clean up tasks outside in the hot summer sun. One of the
workers wore a standard SCBA with a splash suit while the other worker wore a prototype
AWPS. After a short period of time, between 15 and 30 minutes, the workers stopped. The
worker using the AWPS felt comfortable while the other worker was sweating profusely and
had to doff his suit. This user’s shirt was soaked with sweat while the other’s clothes were
dry and cool to the touch. The worker wearing the AWPS remained in the ensemble during
the following briefing on the AWPS technology and was finally forced to exit the suit only
when his breathing supply was exhausted.

During additional testing, we were also able to demonstrate the AWPS’ ability to function in
real world conditions. During testing, users performed a wide variety of cleanup tasks such
as manually shoveling dirt, crawling inside pipes, climbing tank ladders, and operating
heavy equipment. The AWPS worked effectively to provide both breathing air and cooling.
During these tests, we discovered that the 2 hour duration backpack is too large to allow
entry through a 24” diameter opening. Note: the 1-hour duration backpack was tested in a
similar test and is thin enough to allow entry in this small of an opening.

We also learned during testing that any backpack worn while operating heavy equipment
interferes with the user’s movement and thus limits their field of view. One option for
workers who will be operating heavy equipment is to remove the backpack when they
mount the equipment and then stow it nearby. This approach would allow the user to
receive breathing gas and cooling from the backpack and still maintain their mobility.
Slightly longer umbilicals could be added to the pack if needed.

During the project, work focused on the development of garments and the liquid air
backpack. While OSS made great strides in both of these areas, the garment designs are
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much more mature than the design of the backpack. In fact we are near to the point of being
able to offer outer garments and liquid cooling garments as catalog items that offer
considerable benefits over current protective equipment, The benefits of these two garments
are listed below:

LCG Benefits:
- Full body cooling with greater heat transfer surface area than available tube
based suits.
- Uses cool, not cold, water to provide cooling thereby reducing the chance of
vasoconstriction.
' - Patches concentrate cooling upon major muscle groups.
- Low cost due to the use of heat sealed, plastic flow patches that minimizes the

labor hours required to assemble the garment.
- Machine washable.

Outer Protective Garment (Level B Suit) Benefits:

- Self donning and doffing.

- Easily replaceable gloves. This allows the gloves to be replaced when they wear
out rather than throwing the suit away, thereby extending the suit life and
reducing secondary waste associated with site clean up.

- Form fitting with backpack and harness internal to the suit. This helps with suit
decontamination because there are few areas where waste can be trapped.

Human testing at OSS and IUOE evaluations provided critical feedback that was used to
guide the garment designs. Based upon this data, we were able to significantly improve
upon the initial designs. For example, various pinch points that could block the flow of
water in the initial LCG design were identified during the IUOE evaluations and the design
was modified to eliminate them.

The liquid air backpack proved much more difficult to develop than the garments. The
biggest technical challenges for the backpack proved to be weight and reliability. NIOSH
requires the backpack to weigh no more than 40 pounds when full. The backpack must
carry approximately 14 pounds of liquid air to provide the desired 2 hour NIOSH duration.
As aresult, the empty backpack has to weigh less than 26 pounds.

To meet this weight requirement, we developed a light weight pressure vessel injection
molded out of Liquid Crystal Polymer (LCP). One of the biggest accomplishments of the
project was to obtain, after extensive testing, a DOT exemption for this plastic cryogenic
pressure vessel.

During the development of the backpack we built and tested seven different prototypes. The
backpack design evolved throughout this process and we discovered that the pack reliability
and robustness was a much larger issue that initially thought. As the design matured, we
began to test the units more extensively. The units generally performed well initially.
However, after repeated testing the pack performance began to degrade. Components began
to wear and cause subsystems to fail. The primary problems were centered around the
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pickup mechanism inside the LCP vessel. The mechanism tended to become sticky and not
rotate freely, and the capacitance gauge signal would drift and eventually drop out. We
performed extensive life cycle testing of the following components to determine the sources

of these problems:

Pickup mechanism pivot seals and bearings
Pickup mechanism and kicker weight

Bellows in the pickup mechanism liquid and gas inlet tubes
Capacitance gauge dynamic electrical connection

Based upon these tests we upgraded component designs and performed limited subsystem
testing of the new designs. During this time, several other technical issues were identified.
Due to limited funding these technical issues were not completely resolved. A discussion of
all of the outstandlng AWPS issues is presented in Table 6-1. A suggested plan to resolve

each item is also presented in the table.

Table 6-1: Outstanding Issues and Suggested Resolutions

Issue

Suggested Resolution

Incomplete System Testing — We have completed
upgrading the design of the pickup mechanism and have
extensively tested the subcomponents. However, we have
not incorporated the new design into a backpack and
thoroughly tested it. This must be done before the design
can be considered complete. The two primary
characteristics that must be tested include liquid
withdrawal and capacitance gauge accuracy in all
orientations.

Build up several second generation
liquid air backpacks that incorporate all
of the new design features and
thoroughly test it first in the lab and then
in the field.

Vaporizer Performance - During manmned testing, the
vaporizer froze several times. We have shortened the
vaporizer in the latest design to help prevent freezing and
to reduce the weight of the backpack. However, this new
design must still be integrated in a pack and theroughly
human tested.

Implement new shorter vaporizer in
second generation backpacks and
thoroughly test vaporizer performance.

Outer Vessel Pump Out Plug - The pump out plug on the
outer vessel prevents the vessel from over pressurizing in
the event the inner vessel develops a leak into the vacuum
space. The plug also provides a means to evacuate the
annulus space between the inner and outer vessels. During
testing of our prototype backpacks we discovered this plug
would become set in the plug housing; the pressure
required to force the plug out increased over time and
eventually exceeded the safe allowable pressure inside the
outer vessel. We have developed a concept to resolve this
issue but we have not thoroughly tested the concept.

Build several test articles and thoroughly |
test them prior to integrating the design
into the backpack. Should include
testing at various hot and cold
environmental conditions.
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Vacuum Performance — The integrity of the backpack’s
vacuum insulation is critical to providing storage life of the
liquid air. We have currently identified a 1 to 3 hour
storage life for the AWPS backpack.

Review operational scenarios to ensure
that a 1 to 3 hour storage life is indeed
needed and acceptable then implement
the getters and molecular sieves outlined
in Section 5.2.7 in the second generation
dewars. Perform periodic vacuum and
residual gas measurements.

Backpack Ruggedness — NIOSH levies very few
requirements on the ruggedness of the backpack.
However, current SCBASs can withstand the harsh
treatment (being dropped on the floor, rolling down stairs,
etc) expected in the field and still function properly.

Perform additional field testing to try to
quantify worst case loads. Test current
prototypes to destruction to quantify the
results of various loads (i.e. drop a full
backpack on concrete and observes what
happens).

Weight — The latest weight budget indicates that the pack
is still slightly over the 40 pound limit required by NIOSH.

Implement the suggestions highlighted
in Section 5.4.

Outer Vessel Buckling on the External Pressure Test -
The outer vessel does not pass the DOT external pressure
test. Small areas in the outer vessel buckle inward 1/16”
during the test. This is no indication of a failure in the
inner vessel or in the suspension system. If the vacuum
space 1s repressurized, the outer vessel returns to its
original shape.

Investigate the use of a waiver for this
requirement. Due to the low pressure
nature of this pressure system, the outer
vessel is not capable of the same
pressure loads as a high pressure bottle.
Obtaining a waiver on this requirement
would in no way compromise the safety
of the system.

Bottom Box Design — The bottom box design is not
complete. We developed and tested several prototype
designs before turning this responsibility over to Scott.
Scott developed and tested several concepts for the bottom
box structure and custom manifolds but the design was not
completed. The difficulty in completing the bottom box
design is the competing set of requirements. The bottom
box must meet the specified weight budget but must also
be rugged and inexpensive to manufacture.

Locate a new company specializing in
this type of packaging and valve design.
Work with them to develop appropriate
solutions to these problems.

Pump Seal Reliability — Afier extensive testing, several of
the pump shaft seals have begun to leak. We must perform
testing to quantify their life and either develop a simple

method for replacing the scal and/or extending the seal life.

Test multiple units to quantify pump seat
life and either develop a simple method
for replacing the seal, extend the seal
life, or add a redundant seal to the
design.

Explosion Proof Electronics — The electronics in the
bottom box must be explosion proof to meet requirements.
These components include the pump, the battery pack, and
the capacitance gauge electronics module. Scott began to
resolve this issue but not complete the work.

Locate a new company specializing in
this area to assist with certification of
this aspect of the design.

Despite these outstanding technical issues, we developed improved outer protective and
liquid cooling garments and proved the usefulness of the AWPS. Should the suggestions
made in Table 6-1 be implemented, we feel that the resulting backpack design could be
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NIOSH certified. For NIOSH certification, the updated design must be completely
documented, quality controlled units musts be built and tested, a data package must be
compiled, and a minimum of four backpacks must be submitted, along with the data
package, to NIOSH. ' This process is lengthy and costly. Costs could be minimized by
working with a company familiar with the NIOSH certification process. During the course
of the AWPS project, we have become familiar with the process but have never submitted a
product to NIOSH. NIOSH has also never reviewed a product like the AWPS. They are not
familiar with the procedures and practices associated with handling cryogens. As a result,
the certification process may be more lengthy and complicated than usual.

7.0 Recommendations

OSS has compiled a list of recommendations that build upon the work accomplished on the
AWPS project. We feel the DOE should reassess the current needs for Personal Protective
Equipment (PPE) and develop an agency-wide approach to breathing/cooling systems with
the realization that a single system may not be suitable for every application.

As part of this effort, the cost model developed during Phase 1 should be updated to
determine the life cycle cost savings that the AWPS can provide given the current PPE
needs. The cost model should also be augmented to include other potential cooling and
breathing systems, such as an ice-based cooling system combined with a standard SCBA,
and other unique applications. The use of semi-portable breathing/cooling systems, such as
a briefcase version of the backpack or a cart based compressed gas system combined with
thermoelectric cooling, should also be considered; such a system could be particularly useful
when operating heavy equipment. This analysis will help the DOE focus their funding on
the technologies that will provide the largest payoffs and will indicate whether additional
funding for the AWPS is warranted.

The DOE should also review the technologies developed on this project and determine
where else they may be applied to solve other DOE problems. The specific technologies
that may prove useful to the DOE are listed in Table 7-1. We hope that some of this seven
year effort will be carried forward to provide benefits to the DOE.
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Table 7-1: Useful AWPS Technologies
Technology Key Features
Advanced Liquid Cooling Garments « Provides full body cooling
« Lowcost
« Machine washable

Uses cool, not cold, water to provide
effective cooling

Advanced Cuter Protective Garments

Provides Level B protection
Self donning and doffing
Reusable

Easily replaceable gloves
Provides caribiner pass through
Good visibility

Form fitting and integrated with
breathing/ccoling backpack

Plastic Pressure Vessels

Light weight

Can be molded to unique shapes

Good chemical compatibility
Extremely low permeability (compared
to other plastics)

Freeze Protected Heat Exchangers

Will not be damaged in the event a fluid
in the heat exchanger freezes

Provides a means of melting the fluid if a
freeze up does occur

Efficient heat transfer

Multi-Orientation Liquid Storage/Supply
and Gauging Systems

Can supply liquid regardless of tank
orientation

Can vent gas regardless of tank
orientation

Can gauge contents regardless of tank
orientation

Compact Pump

Efficient
Compact
Light weight
Self priming
Low cost

Super Plastically Formed Titanium Vessels/

Structures

Allows complex shapes to be formed out
of sheet titanium

New components can be quickly
produced

Process is relatively inexpensive

Liquid Air Recharge Station

Provides easy, cost effective way to
produce liquid air using readily available
consumables (liquid nitrogen and
compressed air)
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8.0 List of Acronyms

AAPD
AHX
ASTM
AWPS
CIL
CcvV
D&D
DOE
DOT
EVA
FEA
FMEA
GPM
HazMat
IDLH
IUOE
KSC
KSU
LCC
LCG
LCP
LED
MLI
MVE
NBPLSS
NFPA
NiCd
NiMH
NIOSH
NSTS
OSHA
0SS
PCV
PICS
PLSS
PPE
QD
RAC
RV
SAR
SCBA
S
SLPM
SPF

Advanced All Position Dewar

Ambient Heat Exchanger

American Society of Test and Measurement -
Advanced Worker Protection System
Critical Items List

Check Valve

Decommission and Decontamination
Department of Energy

Department of Transportation

Extra Vehicular Activity

Finite Element Analysis

Failure Mode and Effects Analysis
Gallons per Minute

Hazardous Materials

Immediately Dangerous to Life and Health
International Union of Operating Engineers
Kennedy Space Center

Kansas State University

Life Cycle Costs

Liquid Cooling Garment

Liquid Crystal Polymer

Light Emitting Diode

Multi-Layer Insulation

Minnesota Valley Engineering

Neutral Buoyancy PLSS

National Firefighter Protection Agency
Nickel Cadmium

Nickel Metal Hydride

National Institute of Occupational Safety and Health
National Space Transportation System
Occupational Safety and Health Administration
Oceaneering Space Systems'

Pressure Closing Valve

Personal Ice Cooling System

Personal Life Support System

Personnel Protection Equipment

Quick Disconnect ‘
Respiratory Advisory Committee

Relief Valve

Supplied Air Respirators

Self-Contained Breathing Apparatus

Space Industries Inc.

Standard Liters per Minute

Super Plastically Formed
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Appendix A: Requirements Matrix

A-l



First Application

Source

#

Requirement

Cost

NIOSH

84.11 (a)

Complete written description together with drawings and specifications
showing full details of construction and the materials used.

0SS man_hours

JSH

84.11 (b}

Drawings shall be titled, numbered, and dated; any revision dates shall be
shown on the drawings and the purpose of each revision being sought
shall be shown.

(OSS man hours

NIOSH

84110

Proposed plan for quality control which meets the requirements in subpart
E.

OSS man hours

NIOSH

3441 (@)

Each quality control plan shall contain provisions for the management of
quality, including requirements for the production of quality data and the
use of QC records; control of engineering drawings, documentations, and
changes; contro! and calibration of measuring and test equipment; control
of purchased material to include incoming inspection; lot identification,
control of processes, manufacturing, fabrication, and assembly work; audit
of final inspection of the completed product; organizational structure
necessary to carry out these provisions.

0SS man hours

NIOSH

8441 (b-c)

Each provision for incoming and final inspection in the quality control
plan shall include a procedure for the selection of a sample of respirators
and components for testing. (MIL-STD-414). The sampling procedure
shali include a list of the characteristics to be tested. Those characteristics
shall be classified according to the potential effect of such defect: critical,
major A, major B, minor. The QC inspection test method for each
characteristic shall be described in detail.

OSS man hours

NIOSH

84.11 ()

Statement that the respirator has been pretested by the applicant as
prescribed in 84.64 and shall include the results of such fests.

OSS man hours

NIOSH

84.64 (2)

Prior to making or filing any application for approvat the applicant shall
conduct examinations, inspections, and tests of respirator performance
which are equal to or exceed the severity of those prescribed in this part.

Man hours

Testing fees or lab equipment

purchase

*MOSH

84.64 (b)

The applicant shall provide a statement to the Institute showing the types
and results of the examinations, inspections, and tests required and state
that the respirator meets the minimum requirements of subparts H through
1. Complete examination, inspection, and test data shall be retained on file
by the applicant and submitted upon request.

Man hours

NIOSH

84.12 (b)

The applicant shall deliver the number of completely assembled
respirators and component parts required for testing.

Hardware buildup

NIOSH

84.20

Fee for an SCBA of 1 hour or more

$3500

NIOSH

§4.22 (b)

The institute reserves the right to conduct any examination, inspection, or
test it deems necessary to determine the quality and effectiveness of any
respirator or component or subassembly.

$100 per man day for
additional tests and
inspections.

NIOSH

3433 (@)

Full-scale reproductions of approval labels and markings, and a sketch or
description of the method of application and position. Instructions for the
use and maintenance of the respirator shall be submitted to the Institute for
approval.

Manuals

NFPA

2-3.1

Four identical SCBA that are selected from the manufacturer’s production
SCBA shall be subjected to the NFPA tests.

Hardware

NFPA

2-3.2

SCBA shall be initially tested and shall meet the performance
requirements of three separate test series.

Lab fees
Travel

NFPA

2-3.3

SCBA components shall be initiaily tested and shall meet the performance
requirements of one test series.

Lab fees

NFPA

2-3.10

Inspection by the certification organization shall include a review of all
product Iabels to ensure that all required label attachments, compliance
statements, certification statements, and other product information.

Label artwork and tools

NFPA

2-3.11

Inspection by the certification organization shall include a review of the
user information to ensure that the information has been developed and is
available.

Audit/application

PA

322

Upon request at the time of purchase, the manufacturer shall provide an
information sheet that documents at least the following: (a) performance
tests conducted at time of manufacture and the results, (b) date of
manufacture, (¢) model number, (d) serial number, (e) lot number, (f)

Man hours to prepare
information




hydrostatic test dates and results, if applicable

NFPA

3-23

Information or training materials regarding pre-use shall be provided at
least on the following areas: (a) safety considerations, (b} limitations of
use, (¢) charging breathing gas cylinders, (d) breathing gas quality, (¢)
marking recommendations and restrictions, (f) warranty information, (g)
recommended storage practices, (h) mounting on/in vehicles or fire
apparatus.

Man hours to prepare manual

NFPA

324

Information or training materials regarding periodic inspections shall be
provided at least on inspection frequency and details.

Man hours to prepare manual

NFPA

3-25

Information or training materials regarding donning and doffing shall be
provided at least on the following areas: (a) donning and doffing
procedures, (b) adjustment procedures, (c) interface issues. -

Man hours to prepare manual

NFPA

3-2.6

Information or training materials regarding use shall be provided at least
on the following areas: (a) pre-use checks, (b) proper use consistent with
NFPA 1500.

Man hours to prepare manual

NFPA

3-2.7

Information or training materials regarding periodic maintenance and
cleaning shall be provided at least on the following areas: (a) cleaning
instructions and precautions, (b) disinfecting procedures, (¢} maintenance
frequency and details, (d) methods of repair, where applicable.

Man hours to prepare manual

NFPA

3-2.8

Information or training materials regarding retirement shall be provided at
least on replacement/retirement considerations.

Man hours to prepare manual

NFPA

2-6.2

The manufacturer shall be registered to ISO 9001

Freebie!

NEPA

2-6.3

All subassemblies of SCBA defined on the NIOSH approval label and
final assembly of SCBA components into an SCBA shall be accomplished
in a facility that is registered at least to ISO 9002,

NFPA

2-2.9

The certification organization shall require the manufacturer to have a
product recall system as part of the manufacturer’s quality assurance
program.

Man hours
Slush fund to cover hardware
replacement?

plication for design changes

Source | # Requirement Cost
NIOSH | 84.35 Applications shall be submitted as for an original certificate of approval, Testing and hardware
with a request for a modification. This includes drawings and quality plan. | determined by the Institute.
Additional testing will be determined by the Instituie.
NIOSH | 84.36 An approved respirator for which a formal certificate of modification has | Hardware
been issued shall be delivered as soon as it is commercially produced.
NFPA | 2-39 Any modifications made to an SCBA, or any accessories provided for an Testing and hardware
SCBA, shall require the retesting and meeting of the performance
requirements of all those individual tests that the certification organization
determines could be affected by such changes.
Yearly Recertification
Source | # Requirement Cost
NFPA | 2-34 After certification, SCBA shall be tested annually within 12 months from | Lab Fees
previous tests and shall meet the performance requirements of one test Hardware
series. Man hours
Travel
NFPA | 2-34.1 Every fifth year the SCBA shall meet the performance requirements of Lab Fees
three test series. : Hardware
Man hours
Travel

In-house Maintenance/Audits




Source

#

Requirement

Cost

NIOSH

84.31 (a) (0)

The certificate of approval shall contain a classification and a description
of the respirator for which it is issued. It shall specifically set forth any
restrictions or limitations on the respirator’s use.

None

OSH

84.31(c)

Each certificate of approval shall be accompanied by the drawings
submitted. These drawings shall be referenced in the certificate and shall
be maintained by the applicant. The drawings shall set forth in detail the
design and construction requirements which shall be met by the applicant
during commercial production.

CDM file maintenance

NIOSH

3441 (fg)

Each item shall be 100% inspected for critical characteristics and ail
defective items shall be rejected. The Acceptable Quality Level for each
defect shall be: major A, 1.0%; major B 2.5%; Minor 4.0%.

Possible destructive testing,
hardware costs

NIOSH

§4.43 (a)

The applicant shall keep quality control inspection records sufficient to
carry out the procedures required in MIL-STD-414.

CDM/QA file maintenance

NIOSH

8443 (b)

The Institute reserves the right to have its representatives inspect the
applicant’s quality contro! test methods, equipment, and records, and to
interview any employee or agent of the applicant.

Audit

NFPA

2-2.5

The certification organization shall require the manufacturer to establish
and maintain a program or production inspection and testing. The
certification organization shall audit the manufacturer’s quality assurance
program.

Audit

NFPA

2-2.6

The certification organization shall have a follow-up inspection program
with at least two random and unannounced visits per 12-month period.
Sample product shall be selected at random from the production line, from
in-house stock, or from the open market. Samples shall be inspected and
tested to verify continued compliance.

Audit
Sample hardware

NFPA

2-4.2

The manufacturer shall maintain all design and performance inspection
and test data from the certification organization used in the recertification
of manufacturer models and components.

CDM file maintenance

*TFPA

3-22

Upon request at the time of purchase, the manufacturer shall provide an
information sheet that documents at least the following: (a) performance
tests conducted at time of manufacture and the results, (b) date of
manufacture, (c) model number, (d) serial number, (g) lot number, (f}
hydrostatic test dates and results, if applicable

Man hours to prepare
information
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JAN 14 198
Q

US.Department 400 Seventh Street. SW.

of Transportation washingion, D.C. 20550
Research and

Special Programs

Administration

DOT-E 11739

Il__EXPIRATION DATE: December 31, 1999 |

(FOR RENEWAL, SEE 49 CFR 107.109)

GRANTEE: Oceaneering Space Systems
Heouston, TX.

PURPOSE_AND LIMITATIONGS:

a. This exemption authorizes the manufacture, mark, sale
and use of a non-DOT specification breathing apparatus to be
~used for the transportation in commerce of air, refrigerated
liquid. This exemption p->vides no relief from any
Hazardous Material Regulation other than as specifically
stated herein.

b. ~An exemption authorization to manufacture, mark, sell,
and transport only represents certification of safety for a
package when it is an article of commerce in transportation.
The safety analyses performed in develcpment of this
exemption only considered the hazards and risks associated
with transportation in commerce. The safety analyses did
not consider the hazards and risks associated with consumer
use, use as a component of a transport vehicle or other
device, or other uses not associated with transportation in
commerce.

REGULATORY SYSTEM AFFECTED: 49 CFR parts 106, 107 and 171-
180.

: 49 CFR Sections 173.316(cC)
in that the prescribed packaging is not listed as an
authorized packaging, and portions of 178.57 as specified
herein.

BASIS: This exemption is based on the application of
Oceaneering Space Systems (0SS) dated July 11, 1996
submitted in accordance with 49 CFR 107.105 and the public
proceeding thereon. |



JAN 14 1998

Continuation of DOT-E 11739 : Page 2

Hazardous materials description
-=- proper shipping name

Hagard Identi- | Packing
Class/ fication Group
Division | Number

Air, refrigerated liquid 2.2 UN1003

7. DACKAGING(S) and SAFETY CONTROJ, MEASURES:

a. PACKAGING - Packaging prescribed is a non-DOT
specification breathing apparatus consisting of an injection
molded plastic inner vessel within a steel or titanium

" vacuum. jacket outer vessel. The inner vessel contains the
air, refrigerated liguid and must be designed with a burst
pressure of no less than 2.5 times the service pressure.
The container must be in conformance with the DOT-4L
cylinder (§178.57) except as follows:

§178.57=2 Type, Size, Service Pressure, and Design Service
Temperature.

(a) Type and size. Inner vessel halves must be glued, and
outer vessel halves must be fusion welded. Size must not be
over 17 pounds water capacity.

(b) The service pressure must be 40 psig méximuﬁ.
(c) The design service temperature is -320°F.
§178.57-4 Duties of inspector.

(a) * * *

(b) Verify physical properties of each lot of raw material
by analysis or by obtaining certified analysis: Provided
that a certificate from the manufacturer thereof, giving
sufficient data to indicate compliance with requirements, is
acceptable when verified by check analyses of ASTM D638
Standard Slabs molded concurrently with the inner vessel.

(c) Verify compliance with all specification requirements.
Obtain samples for all tests. Obtain samples for check
physical properties, where required. * * *

(d} Furnish complete test reports required by this
exemption to the maker of the inner vessel and, upon
request, to the purchaser. * * *
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§178.57-5 Material.

(a) Inner containment vessel. Designations and limiting
physical properties of the liquid crystal polymer (LCP)
authorized by this specification shall be as shown in
§178.57-21(a) Table 1 of this exemptiodn.

(b) Outer jacket. Titanium or steel may be used subject to
the requirements of §178.57-21(b).

§178.57-7 Defects.

(a) Materials with seams, cold slugs, cracks, laminations,
or other detrimental defects, not authorized. No defect
acceptable that is likely to weaken the finished vessel
appreciably; reasonably smooth and uniform surface finish

required.
§178.57-8 Manufacture.

(a) Inner vessel. By injection molding of vessel halves and
glueing; mold sprue and flashing, dirt and scale to be
removed as necessary to afford proper inspection. Molding
must be in accordance with the application for exemption.
The vessel halves (heads) must be seamless. The heads must
be reasonably true to shape, shall have no abrupt shape
changes and the skirts must be reasonably true to round. The
inner vessel halves and the center hub assembly shall be
glued in accordance with 0SS LCP Inner Vessel Epoxying
Procedure dated 3/11/96 and modified 6/10/96.

(b) Outer vessel. The vessel halves (heads) must be
seamless. By best appliances and methods; dirt and scale to
be removed as necessary to afford proper inspection. When
required, titanium shall be cleaned in accordance with ASTM
B600 Standard Guide for Descaling and Cleaning Titanium and
Titanium Alloy Surfaces.

{(c) Insulation. The space between the inner vessel and the
jacket shall be insulated. The insulating material must be
fire resistant. If a vacuum is maintained in the insulation
space, the evacuated jacket shall be designed for a minimum
collapsing pressure of 30 psi differential whether made of
steel or titanium. The construction must be such that the
total heat transfer, from the atmosphere at ambient
temperatures to the contents of the inner vessel, will not
exceed 0.008 Btu per hour, per Fahrenheit degree
differential in temperature, per pound of water capacity of
the inner vessel.
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§178.57-9 Welding.

(a) All seams of the outer jacket must be fusion welded.
Only butt or joggle butt joints for the circumferential
jacket seam are authorized. Transition penetratlons or tube
penetrations may be fillet welded. All jeints in the outer
vessel must be in reasonably true alignment.

(b) All attachments to the sidewalls and heads of the outer
jacket must be by fusion welding and must be of a weldable

material.

(c) For welding the outer jacket, each procedure and
operator must be qualified in accordance with the sections
of CGA Pamphlet C-3 that apply.

{(d) Brazing and soldering are permitted only for joints not
made directly to the outer jacket body.

§178.57-10 Wall thickness.

(a) Inner vessel. The minimum wall thickness of the inner
containment vessel shall be calculated using Finite Element
Analysis (FEA). Using FEA the calculated wall stress at
minimum required test pressure shall not exceed one-third of
the minimum tensile strength of the base material as
required in §178.57-21.

(b) Outer vessel. The minimum wall thickness of the outer
jacket shall be calculated using FEA. Using FEA the
calculated wall stress at an external pressure of 30 psi
shall not exceed the yield strength of the base metal
determined as required in §178.57-21.

§178.57-11 Heat treatment.

(a) Inner vessel. Stress relief of the molded halves of
inner vessel is permltted as necessary provided that the
angle of the joining surfaces are within the drawing

tolerances after heat treating (no dlstortlons permitted).

(b} Outer vessel.

v

{1) Titanium. Titanium outer vessel may be vacuum
annealed after chemical cleaning in accordance with
ASTM B600 Standard Guide for Descaling and Cleaning
Titanium and Titanium Alloy Surfaces.

(2) Steel. Heat treatment after forming is not
permitted.
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§178.57-12 Openings in Vessels.

(a) Inner vessel. Openings permitted in hub section only.
The opening shall not exceed 0.19 square inches. Openings
in the inner vessel shall access the center hub which shall
be glued to the inner vessel. Attachments to the center hub
may be made by welding, brazing, soldering, mechanical
attachment, or threading.

(b) Outer vessel. Openings permitted only in areas not
adjacent to knuckle radius. Center line of opening must be
one diameter or more away from iinuckle radius or weld seam.
Openings must be circular and shall not exceed % inch
diameter. Attachments to the outer vessel may be made by
welding, brazing, soldering, mechanical attachment, or

threading.

§178.57~-13 Pressure relief devices and pressure control
valves.

Each finished assembly must be equipped with pressure relief
devices and pressure control valves as prescribed in 49 CFR
§173.34(d) and 173.316. Additionally the vessel shall be
equipped with a rotating pick-up and vent assembly that
maintains the vent in the ullage space regardless of vessel
orientation. '

§178.57-14 Pressure test.

(a) After assembly, each inner vessel, before insulating and
jacketing must be examined under a pressure of at least two
times the service pressure maintained for at least 30
seconds without evidence of leakage, visible distortion or
other defect. Pressure gauge must permit reading to an
accuracy of 1 percent.

§178.57-15 Physical test.

(a) Inner vessel. Concurrent with part molding, ASTM D638
Standard Slabs will be prepared from the same material and
tested for physical properties to verify conformance with
the minimum physical properties listed in §178.57-21(a)
Table 1 of this exemption. Determine yield strength,
tensile strength, and elongation on 2 specimens selected
from each lot of raw material and in the same condition as
that of the completed vessel.
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(b) Glue joint. Following the 0SS gluing procedure, LCP

Inner Vessel Epoxying Procedure, prepare two specimens using
ASTM D638 Standard Slabs. The slabs shall be continuously
glued over their entire width and overlap each other one
inch. The samples shall be cured and allowed to set for 7
days. Samples will then be pulled to failure in the tensile

test apparatus.
§178.57-16 Acceptable results for physical tests.

(a) Physical properties must meet the limits specified in
§178.57-21(a) Table 1 of this exemption for the LCP.

(b) Failure of the glued specimens must occur only in the
base material.

§178.57-17 Tests of welds.
Not required.

§178.57-20 Marking.

(a) ¥ * *

(1) DOT-E 11739 in lieu of DOT-4L, followed by the
service pressure.

* Kk *
§178.57-21 Authorized materials of construction.

(a) Inner containment vessel. Liquid Crystal Polymer of
uniform quality. Chemical analysis must conform to Hoechst
Celanese Vectra A130. The following chemical analyses and
physical properties are authorized:

TABLE 1 - AUTHORIZED MATERIALS
Desi ti ~hemical Analysi Limits in F !

Glass Fiber 29 to 31
Vectra Copolyester Remainder
Resin Grade A950

Physical F ]
Tensile strength at break, psi (minimum) 30,000
Tensile modulus, psi 3,200,000
Flexural strength, psi 37,000
Flexural modulus, psi 2,100,000

Compressive strength, psi (deflection) 20,000
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Compressive modulus, psi 1,700,000
Shear strength, psi 17,800
Izod impact strength, notched ft—lbjln - 2.8
Tensile impact strength, ft- 1b/in? 40
Elongation at break, percent 2.2
CHECK ANALYSIS TOLERANCES
Elements Limit or maximum Permissible
of specified range, variation in product
percent ~analysis
Glass fiber 30 ‘ 1.0

(b) Outer vessel. Must be constructed of steel or titanium.
Steel: Electric furnace steel of uniform quality. Chemical
analysis must conform to ASTM A240, Type 304 stainless

steel. Titanium: Alloy Ti-6Al-4V must conform to AMS 4911H.

b. OPERATIONAL CONTROLS - The service life of the

prescribed container is limited to 15 years.

8. SPECIAL PROVISIONS:

a. Offerors for transportation of the hazardous materials
specified in this exemption may use the packaging described
in this exemption for the transportation of such hazardous
materials provided no modifications or changes are made to
the packages, all terms of this exemptlon are complied with,
and a copy of the current exemption is maintained at each
facility from which such offering-occurs.

b. Each packaging manufactured under the authority of. this
exemption must be either (1) marked with the name of the
manufacturer and location (city and state) of the facility
at which it is manufactured or (2) marked with a
registration symbol designated by the Office of Hazardous
Materials Exemptions and Approvals Program for a specific
manufacturing facility.

c. A copy of this exemption, in its current status, must be
maintained at each manufacturing facility at which this
packaging is manufactured and must be made available to a
DOT representative upon request.

d. Shippers using the packaging covered by this exemption
must comply with all provisions of this exemption, and all
other applicable requirements contained in 49 CFR Parts 171~
180 that apply to the hazardous materials authorized and to
a DOT Specification 4L cylinders.
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e, Design qualification testing must be performed in
accordance with the 0SS July 11, 1996 application for
exemption, with acceptable results. The final test report
must be on file with the Office of Hazardous Materials
Exemptions and Approvals before initial shipment.

9. MODES OF TRANSPORTATION AUTHORIZED: Motor vehicle, rail

freight, cargo vessel, and cargo aircraft only.

10. MODAL REQUIREMENTS: A copy of this exemption must be

carried aboard each cargo vessel or aircraft used to
transport packages covered by this exemption. The shipper
shall furnish a copy of this exemption to the air carrier
before or at the time the shipment is tendered.

11. COMPLIANCE: Failure by a person to comply with any of the
following may result in suspension or revocation of this
exemption and penalties prescribed by the Federal hazardous
materials transportation law, 49 U.S.C. Section 5101 et seq:

o] All terms and conditions prescribed in this exemption
and the Hazardous Materials Regulations, Parts 171-180.

o Registration required by 49 CFR 107.601 g;_sgq., when
applicable.

Each "Hazmat employee”, as defined in 49 CFR 171.8, who
performs a function subject to this exemption must receive
training on the requirements and conditions of this
exemption in addition to the training required by 49 CFR
172.700 through 172.704.

'No person may use or apply this exemption, including display
of its number, when the exemption has expired or is
otherwise no longer in effect.

12. REPORTING REOUIREMENTS: The carrier is required to report

any incident involving loss of packaging contents or
packaging failure to the Associate Administrator for
Hazardous Materials Safety (AAHMS) as soon as practicable.
(49 CFR 171.15 and 171.16 apply to any activity undertaken
under the authority of this exemption.) In addition, the
holder(s) of this exemption must alsc inform the AAHMS, in
writing, as soon as practicable of any incidents involving
the package and shipments made under this exemption.
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Issued at Washington, D.C.

a1

JAN 14 1998

Alan I. Roberts ' (DATE)
Associate Administrator
for Hazardous Materials Safety

Address all inquiries to: Associate Administrator for Hazardous
Materials Safety, Research and Special Programs Administration,
Department of Transportation, Washington, D.C. 20590.
Attention: DHM-31.

The original of this exemption is on file at the above office.
Photo reproductions and legible reductions of this exemption are
permitted. Any alteration of this exemption is prohibited.

Dist: FHWA, FRA, FAA, USCG
PO: CWF
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AT

July 31, 1998

Ms. Susan Hedgepath

Approvals and Exemptions

Associate Administrator for Hazardous Material Safety

U.S. Department of Transportation

Washington, DC 20590-0001

Reference: DOT E-11739

Dear Ms. Hedgepath:

Even though the Exemption has issued for Oceaneering Space System’s (OSS) pressure vessel, it
was with the understanding that OSS would complete the testing and submit those results in the
form of a Final Report as we did for DOT E - 11375.

Three copies of that Final Report are herewith enclosed for your files.

The Report includes the results to the testing performed according to §178.CC-12 “Design
Qualification Tests” and any supplemental information that is necessary to explain those results
as appropriate.

As usual, we are prepared to help clarify any portion of the information. Please do not hesitate to

call at (281) 228 - 5411 if there are any questions.

Sincerely,

Robert J. Richter

16665 SPACE CENTER BLVD., HOUSTON, TEXAS 77058-2268
(281) 228-5300 FAX: (281) 228-5546
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QUALIFICATION TEST RESULTS
§178.CC-12 (c) (2) Cryogenic Cycling and Burst Tests

SCOPE: To perform the tests according to provisions of §178.CC-12 (c) (2) Design Qualification
Tests as referenced in DOT-E 11739 dated Jan. 14, 1998.

Tests to be covered by this Report:

Test Number No. of Cycles
Cryogenic Cycling Tests #1 0
(As described in MOS 975EP058-copy attached) #2 0
#3 0
#4 100
#5 100
#6 100
#7 1600
#8 1000
#9 1000

Items Included in Each Test:
Gluing Procedures (19801- 70018 & 19801 - 70020)- copy of each attached

Test Setup & Test Results (MOS 975EP058-copy attached)

Summary of Results:

A summary of the individual results and averages appears below. The averages have been
extrapolated to 10,000 cycles as required by the Acceptable Test Results §178.CC-13 (b) with a
result of 169 psi which meets the acceptance criteria of 2.6 times the design pressure of 54.7 or
142 psi with no single value less than 2.5 times the design pressure or 137 psi. These tests were
judged to be successful by OSS Inspection (Final Acceptance Stamp dated 2/24/98).
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- MOS

| Manufacturing Operation Sheet

975EPOG8 Page 1 of 4 3. Need Date: 9/12/97
1. MOS No.
4. Type A, Configuration Change Perm Temp
B. Nonconfiguration Change X
5. MOD Sheet(s) 6. Contract/ 77933.150 | 7. Part/Model No, N/A
Nois) Job No. 0

19 S0l - 1000l

8. Applicable Documentation

9. ADP Update?

10. Serial Number

19801-70018, LCP to LCP Glue N/A N/A
procedure

19801-70020, LCP to 8S Glue

procedure

11. TimeCycle Used (Yes/No) N/A 12. System  AWPS

13. Short Title of TPS

Property Correlation

AWPS Inner Vessel Assembly, Cryo Cycle, and Cryo Burst for DOT LCP

Oper Seq No.

14. Operations

{Print, Type, or Write Legibly)

Verification

15, Tech 16. Insp

7ttt ?-3ﬁ
x- —54 M, ?"IJ‘F

@,2

Scope This MOS epoxies_7 inner vessel assemblies together as
controlled units (NOTE:. Twoinner vessel assemblies that were not
used from MOS 975EPO29 will be used in addition to these 7 units
for a total of 9 units}. The 9 units will have latest tension rings
epoxied on, then they will be cryo cycle tested and cryo burst at
operating temperature. The burst pressures are to be used for
correlation w/tensile coupons per 0SS doc. 19801-70008,

{NOTE: Steps 2 through 5 are to epoxy the vessel halves together)
Obtain materials listed below from QC inspection and record Lot #:
1. P/n 19801-20037-001, Inner Vessel Half, Male, Backpack (x7).
Use vessels numbered 17, 18, 31, 32, 33 34, 49.

Record Lot # ,‘1/57/7

2. P/n 19801-20036-001, Inner Vessel Half; Female, Backpack (x7).

Use vessels numbered 17, 21, 25, 45, 47, 51, 52.

Record Lot # A /5// é

3. P/n 19801-20102-001, Ring, Tens:on, Backpack (x18).
Record Lot # 25272 .

&

To B
. 10617

‘o.a\b‘-'q,"l

h

St Pk

Date

31 F

18. Final Acceptance Stamp

Date

2-29~9|

. ] 4

20. Quality Engineer

Date k?—

Date
Mz/97
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Continuation Sheet

MOS No.

975EP058

MOD No.

Page 2 of'-f

Oper. Seq. No.

Operation

Tech

Verification

Insp

0SS Form 5175

Obtain the following uncontrolled materials:

1. Crest 3170 epoxy.

2. Hysol EA9309.3NA epoxy.

3. .25" OD stainless steel tubing for fill and vent lines.

For seven male vessel halves, drill 2 holes on the vertical wall of the
hub, at an angle of 15 to 25 degrees above horizontal, 60 to 90
degrees apart, using a Letter F drill bit. Giue a vent and fill tube into
the hub of each male vessel using Hysol epoxy following
manufacturer’s mix and cure procedures.

Glue 7 pairs of male and female halves together per attached LCP to
LCP glueing procedure.

(NOTE: Steps 6 through 9 are to put the 18 rings on the 9 vessels.)
Place aluminum tension rings in oven at 200+ 20 °C for .5 +.5,-.1
hours.

Slip hot rings onto glued together, room temperature LCP vessel,
making sure rings are fully seated by lightly tapping with a soft
mallet {(wood, rubber, rawhide}.

Allow rings to cool to room temperature =+ 20 °C before moving
assembled vessel,

Mix Hysol EA9309,3NA epoxy per manufacturer's instructibns.
Brush into gap between chamfer of ring and side wall of vessel.
Cure at 80+5 C for at least 1 hr.

{NOTE: Steps 10 through 14 describe the cycle testing procedure.)
Calibrate pressure transducer by plumbing it to a calibrated analog
pressure gage. Record gage and transducer pressures at a static
pressure between 50 and 70 psi. Attach additional pages if
necessary. -

Record date and test: =28~ 0‘1@ / '
Record calibrated gage metrology: MZ.%ZS’Q ( 11?2‘914& )
-1

Record calibrated gage pressure:
Record pressure transducer pressure: 5’9 p5|

Record date and test: .—l 16?/ (%)) C‘(d.{ 1e°T A
Record calibrated gage metrblogy: M 2525 ( (33/2579%
Record calibrated gage pressure: 10 psi.

Record pressure transducer pressure:__ "1 0O psi.

Record date and test: FEB 0 3’ 1995 CL\(‘(('TQS

Record calibrated gage metrology: /V| 22 .5

Record calibrated gage pressure:_ S (/ psi.
Record pressure transducer pressure; & {2} psi.

L

WY

:n“
«
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Record pressure transducer pressure;

Record date and test: L2 FF

Record calibrated gage metrology: 422-2- €8 97 77 254 "x'p /r/
Record calibrated gage pressure: S ¢ psi.

Record pressure transducer pressure: 5o

psi.

psi.

Record date and test:___ - /o-55 tan

Record calibrated gage metrology: a7 2 7.2 4 exp: //;%ef’
Record calibrated gage pressure: 2 psi.
Record pressure transducer pressure: _g pSi.

Record date and test: 2 -/2 - @5 i

Record calibrated gage metrology: ,77V 2 7.7 £ 4 gxp.: /fAz,c’/Fx
Record calibrated gage pressure: _ S  psi
Record pressure transducer pressure: _5" o

Record date and test: D~ )§~9 ¥
Record calibrated gage metroiogy: 523256
Record calibrated gage pressure: 5o psi.
Record pressure transducer pressure! o) psi.

psi.

esxp H-25-95

Record date and test:  oZ- 2,- ¢ §~

Record calibrated gage metrology: 7.2 $.2 54 ,é:.(p ;/Az.r/ﬁg
Record calibrated gage pressure: _$» psi.

Record pressure transducer pressure: S &

psi.
Record date and test: ol 2P PN .
Record calibrated gage metrology: 27 LT !g gg' Excym /S SR
Record calibrated gage pressure:___$"o

Record pressure transducer pressure p
Mote - Vel bl 4% Tﬁmw&a\bmﬁvm\

Set up pressure cycling t pressunze the vessel to between 55
{operating pressure) and 60 psi at not more than 4 time per minute.
Minimum pressure should not be more than 15 psi.

Fill vessel with liquid nitrogen.

Cycle 3 vessels 1000 times and 3 different vessels 100 times as
described in step 4, both followed by 30 cycles to between 82 {test
pressure) and 87 psi at not more than 4 cycles per minute.

Q\A&LL( 5

JM
4

5

Minimum pressure should not be more than 15 psi.

,,1,

MOS No. 975EP058
Mam_lfactlﬂr:ng Operation Sheet MOD No.
Contmuat:on_'Sheet
‘ Pangof_’f
Verification
Oper. Seq. No. Operation
Tech insp

10 cont. , Record date and test; Z- é '¢% /.

Record calibrated gage metrology: AM%Z325 (, ety 12578

Record calibrated gage pressure: A0 psi, '

Ay
Y PR
7 M'?j a/f/
~12-98 "‘ 3
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Continuation Sheet

MOS No.

975EP058

MOD No.

Page% oﬁ?

Oper. Seq. No.

Verification

Tech Insp

w14

*

3
A e R

ml?‘715

16

| failure, tube penetration failure, tension ring slip-off failure).

Operation
Following the cycles, fill each vessel with liquid nitrogen and allow Jﬂ .16 6
to self pressurize to burst. Record burst pressure: 2- L‘f’ 4
Cycles Vessel #'s - Burst Pressure (psi)
0 Fejf-m F-n-f [ F) ]
0 7-H-m__ F-t5~F /53
0 134-Mm 33K /76
100 Fob-m, t-i-F =)

100 F32-M 7-¥5-1F
100 729m 5 35-F

1000 T-4G4-m_ H-5/-& </
1000 i/ s Y7-mn.- 334 \
1000 '4—3]-/{'\,?—"';7.—‘: /Eé’ \
Failure occurs if any of the following conditions exist\
1. Vessel fails due to anything except LCP failure (i.e., glue joint

2. Any single burst pressure is less than 137 psi. (2.5 x 54. 7)
3. The average burst pressure of the 3 vessels in any single cycle
group is less than 142 psi. {2.6 x 54.7)

Close this MOS.

/ Al

s

0SS Form 5175




Test Number Date Cycles Resulis Comments

#1 2/29/98 0 180 psi
#2 2/29/98 0 183 psi
#3 2/24/98 0 176 psi
#4 1/29/98 100 178 psi
#5 2/3/98 100 174 psi
#6 2/ 6/98 100 190 psi
#7 2/20/98 1000 184 psi
#8 2/11/98 1000 145 psi
#9 2/20/98 1000 186 psi
Averages Results
0 cycles 180 psi
100 cycles 181 psi
1000 cycles : 172 psi



§178.CC-12 (c) (3) Creep Rupture Test

SCOQPE: To perform the tests according to provisions of §178.CC-12 (c) (3) Design Qualification
Tests as referenced in DOT-E 11739 dated Jan. 14, 1998.

Tests to be covered by this Report:

Test Number No. of Hours
Creep Rupture Tests (recorded in Lab Notebook #3 #1 1000
pages 0-7, 13, 39-40) #2 1000
#3 1000
Vessel #7 0
Vessel #9 0
#8 0

Items Included in Each Test:

Gluing Procedures (19801- 70018 & 19801 - 70020)

Test Setup (same as Cryo Cycling) & Test Results

Summary of Results:

A summary of the individual results and averages appears below. The averages have been
extrapolated to 50,000 hours as required by the Acceptable Test Results §178.CC-13 (c) (2) with
a result of 128 psi which is slightly below the acceptance criteria of 2.6 times the design pressure
of 54.7 or 142 psi with no single value less than 2.5 times the design pressure or 137 psi (lowest
single value was 131 psi). While these test results were slightly below the limits, there were
consistent with the values that were obtained in other hydro (ambient) testing. The results were
judged to be acceptable since no adverse creep characteristics were observed (permanent
deformation) nor physical properties degradation (curve and extrapolation portion of the curve
was almost flat over the entire time frame).



Test Number Date Hours Results Comments

Creep Test #1 6/18/97 1000 © 133 psi
Creep Test #2 | 6/18/97 1000 131 psi
Creep Test #3 6/18/97 1000 132 psi
#8 6/25/97 0 136 psi
Vessel #7 10/20/97 0 134 psi
Vessel #9 10/20/97 0 139 psi
Averages Results
0 hours 136 psi
1000 hours 132 pst



§178.CC-~12 (d) Outer Vessel Testing

SCOPE: To verify the design of the outer jacket that contains the pressure vessel (together called
a dewar). Since that jacket has a vacuum contained between it and the pressure vessel, the jacket
is designed to withstand a 30 psi external pressure without collapse. This is in accordance with
§178.57-8 of CFR 49 and §178.CC-8 (c) as referenced in DOT-E 11739.

TEST EQUIPMENT:

A Production Dewar

Three (3) dial indicators (calibrated)
Pressure Chamber

Calibrated Pressure Gage

TEST PROCEDURE:

The production dewar is pressurized to the operating pressure of approximately 40 psig and
capped off. The jacket is evacuated to a pressure of no less than 1072 torr. The vessel assembly
is strapped to a suitable test platform and instrumented with three (3) dial indicators to measure
displacement at pre-selected locations (listed in test data sheet). The prepared test asembly is
placed inside a pressure chamber capable of pressurizing to 30 psi. The chamber must allow for
clear viewing of the dial indicators. Since the jacket is evaluated as indicated above, the test
chamber is pressurized to 15 psi. This results in a total of 30 psi deferential pressure across the
jacket. The chamber pressure shall be verified on a calibrated pressure gauge with an accuracy
of no less than 1% (of full scale reading).

ACCEPTABLE TEST RESULTS:
The vessel will withstand the external pressure without evidence of collapse or loss of vacuum
and no permanent deflection in excess of 0.01".



TEST DATA SHEET AND DISPOSITION OF TEST RESULTS:



§178.CC-12 (e) (1) Thermal Cycling Test

SCOPE: To perform this test according to provisions of §178.CC-12 (&) (1) Design Qualification
Tests as referenced in DOT-E 11739 dated Jan. 14, 1998.

ITEMS INCLUDED IN THIS REPORT:
Test Procedure
Test Data Sheets
Test Results

SUMMARY OF TEST RESULTS:

According to §178.CC-13 Acceptable Test Results included by reference in DOT-E 11739, there
was no evidence of distortion, deterioration or failure after testing.



Thermat Cycling Test Procedure

Equipment To Be Used:

A Production Dewar
Pressure Control Hardware
Hot Fluid Bath (controlled to a temperature of 200°F)
Cold Fluid Bath (controlled to a temperature of -25°F)
Data Acquisition System - Computer
Four (4) temperature sensors bonded to outer vessel
One (1) cold bath temperature sensor
One (1) hot bath temperature sensor
One (1) vessel pressure sensor

Procedure: 7

Stage 1: Initial Pump Down
1. Evacuate vessel down to a minimum 1 X 1073 torr and allow to pump down until vacuum
stabilizes when disconnected from vacuum pump.
2. Disconnect pump and leave overnight.
3. Recheck pressure (with vessel on pump).

Stage 2: Equipmenmt set up
1. See schematic (vessel with instrumentation and pressure control hardware).

2. Set up tubes and wires from vessel to other components to minimize components in hot
and cold environments.

Hot Fluid Bath
1. Set up specially prepared 55 gallon drum for hot bath (see picture).
2. Bath should be instrumented for temperature.

3. Bath should be brought up to temperature in advance of the test to allow the bath to
stabilize.

Cold Fluid Bath
1. Set up specially prepared 55 gallon drum for cold bath (see picture).
2. Bath should be instrumented for temperature.

3. Bath should be brought down to temperature in advance of the test to allow the bath to
stabilize. ‘

Stage 3: Temperature Cycle Tests at Service Pressure
1. After vacuum is achieved in the vessel, connect vessel as specified in schematic and
pressurize to service pressure (40 psig).
2. Start data acquisition system (at 1 sample per 10 seconds rate).
3. Submerge vessel in 200°F fluid bath, allow to soak for 10 minutes.

8
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Updated 1/20/98

STANDARDIZED LIQUID AIR PACK TEST FORM

This form allows for the standardized recording of basic test set-up data. Use one form for each test. Circle, cross out,
or add appropriate data as required, It is important to provide details so that someone reading the logbook can telf what
happened during this test. This form should be attached to the lzb logbook. Actual test data and any additional
pertinent information should be written in the lab loghook.
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‘TEST CONDUCTOR Todl Vpp
TEST ENGINEER “Toliw Fr.icbkear~ :

PURPOSE OF TEST: The engineer should fill out this section with enough detail to enable the test conductor to perform
the test as desired. What are we trying to learn? fe.g., boil-off test, duration at NIOSH or NFFA, fill weight, capacitance
gauge calibration, pressure control system evaluation, tilt test, manned test, deflection data, etc.) What data is being

recorded? (e.g., cap gauge, breathing counts, duration, ullage pressure, check valve pressure, %02, tilt, cryo weight,
etc.) Provide a sketch if necessary.

DOT Thermal Cycle TosT, per writhen test plan, Dip dver tn 200 F

}
baTl Ml '~ -25F L1l Br 2o c7céu_. TustromenT  deven shells.
lvlﬂ.\ ﬂ\b\h-acouwl.ea_) I”CCOVTL owvice e,ue/\j /0;@.;0»&4.

ﬂ’\WLL_ l?)“c") o~ {Otxét’\

206049 DOV theraa) (ycle Test Seto.

TEST DESCRIPTION: Check box and record appropriate data.
O 1 Hour/EG&G Dewar, s/n

2 Hour/AWPS Dewar, s/n Ppcle ©

@ Prototype Hardware

{1 Certified Hardware X0 &
ZVacuum condition P Y 7 4
0 Pre-Chilled Vessel <

[0 Hours Since Last Dewar Fill wavjs &~ weelsg
O Breathing and Cooling

O Breathing Only

O Liquid Air Fill

O Liquid Nitrogen Fill

[dJ PosiChek Breathing Machine s/n

O Other machine, describe

O Manned Test, name .
{1 Engineer Sign-Off on Test Set-up S v ’ k FAN
Other: List serial numbers of components (IV, OV, tension rings, . s,

PCS), describe modifications to components, take a Polaroid or ‘

sketch setup, describe orientation of dewar, list any unusual

aspects of the test, etc. l 1.G14 valln W/ sle‘w Su_‘o M‘Q&l
< z. Doka acquisyition

S 3. Het bl w/ foara tid

ﬁa 3 @% '\"ewf.('-:)((e, Tes‘}‘s RxSQfU'LL_\pQSSV/L.-
3€ . A@-e/\ C-c-(eyl'}‘h\,(LUACUJ"‘“ .Q-SH.LI.QM falee. doecon fo deuXx ggi\,rp

[ 2. Fressouv, decoen. te GO Poe . ‘
| 7 {;‘f‘o\r'\" AE}C;\ ac(u{s:"T‘-'Ov\ SjS{-te«»j\ et ax- | ‘5""‘")/’("— rer (O secods
| 4, S.bmmerne. vessel (n LoooEr £lid \oc\'\\-\, allows o soalc (’\a."- {O min
5. Re woue.  wvessel frow- bt ‘O‘G;J( L\ )
G. Trewfee 4o .0} tﬂﬁ'ﬂx P i lea at least Jonin and fess ﬂ'\dh 3 i i
7, Sl e Lessel m - 1% e flud \omt"ww te spalc 104
1 Y. Bevmove Uei:)&Qk iﬁ';&“(af'éh lﬂﬁ.’nzx { £/ . M [os ﬂ\&;\ Zn .
| o Bey [y Ly - 2 fin
| :I, Trany €2 t "] {1}5‘ <5 oo, ot bath to cstd bath

- 3 ok
Repent steps H-a for ot

R IR S I P R R



e[1%_por ﬂ-ermt (qele Hot Bafl,

“E
'
'

n >

EET SN

S5 gal, Arw-.. Billed with, weder pLs The,

~ | gal awl: freeve , AR. $oit slurt to
tbup LOI-*' iy, 3 b&n&-beu{ﬁf-i Qmu*‘

dtum Loanm lid.

2/6[1¢  DOT Therwme\ ycle Cold BTl
NI

A 30aal drvmm F.'tle&u— o{s‘b M‘l‘:ﬁ!e
Wy i, Tnsdnted u{/ wanpp ivg Qc:':\_
(§-30 los "*"‘J ice Saalz.n loa-ti, .

I Cege W&'\':'extl\ﬁngw- in batlh,

2/4/18 DOT Therms| oele Hot- Bath
frins ) L

d
3 ' \ o Hh
L. - ) - 3 )
/ ‘= i, r ~ . .
3 "..

peel E bolted. o T-oar hand -
4o sty Opu\&:v'j press ing Prumeadied.

Thenso cwplen. Mo PL.

Sqsten attacled

Thermal C.ole Tt Dpwar
B » S



004

Test -G f .A5C

Y
. \ oritelorrens 203
Tﬁ-(’rma/ e )(5/&""7 ?1'5!‘ b ‘ de:::?—{ i

ut,
hat

1 1[@_103& Ezﬂg Uewar 1m0 Hok dawk 200  cotbtPor 10me.

.J-w Ve g\ D co ld b,.;(L__L/r/ oS s

Bgvbu \n\;__ P LJ_-X('\. st emdas

Sim T A el LA&J—,;@M form
_ 2N p ﬁ‘]"g“"‘** ke L L Y- T - 7
12:30:3¢  keroye Frop Mot Badh  Jefshind tmw !
1233336 ,?/uguu ,C.,,ali_,j)x%m '/Qfﬁ:r lormen |
_ t?:lif_f_sc __krtmove prvrn EEIJ,L ’61’- si-wJ {mire
2 24236 Plxses ) Bath  je [97
12:52:3G f‘emaue Fﬁnﬂ j Bath l-e)ls fird 2 Ine
W,ELEH,I.O.O_ Place i COlA Bath  lom~ .
/Jd‘f Hmol/e ﬂ:ké}n Co c; i’n‘ll\ /e/s/;/a/),-,”-
2].05 Place i Lol Bzl for tomsn/
_IUs remove From bdl S&#\ lef sttnd )y~
G place s/ cold E*z“ /om,w - ‘I 7°F '
{26 Femave from Ca/d (e )I;.L_Lé'uj:'
127 Place _1a heof Bafh i for /Mh/f-‘
137 Lemope gk | polk_Jef st ﬁr/m») |
— N R
174 "femaoie M, Col, et §Ftu ar/ﬂ—'/” i ‘
T & e u Z;iﬁ Loif, Eor 10 mm —
259 remsife Crom Bof Lz)l/\ /efS/ale‘q)::/mxﬂ 5
-00 Place jr~ /J haft, ECor 1omir, +0mp = C: i
20 yemoye frorn cold kb 1ot g/u/aa Im//v ' |
A D/‘I.cf (P hef ba L F‘"Ir a ﬂi___ f
2] Yemoye ]:)-am kof-¥o144____ S iv Fm- Lo | f
22 . ?/mse ~_cold é}- Je M T
3z, R }'emaa/t’ om a’J 7.1[”\ @ g{'ﬂ)"&’d/ ks dr/ﬁ-"" ‘
33 ?z‘ﬂce W het-bath  Tor Iom;f a
) 2243 remove [rom hel Bxﬂ. lg{;Sﬁw& For 169~ - |
Z44 _Phace v cold bt | Jo o -
?/‘-5"\,, B ‘% ey From cola 7\- n Irf st wa!m/;’
55 Flace (w0 ol For [0m v




005 |

e P

) . Q{ remoi . ‘rfoh L 7/' j) )IA ,E}L g‘/"”‘! T‘W’ lmll\)

206 Plxce in  celd | ExtA F;,. jo mst
¥ 6 %@f"core frog c{:d Bz%‘ Je/ cfaed Fer Tn

_“ 3 I7 ~TlAce (&L % y- [O s
_ .ﬁ,,,,Z},,Zl _remoye. . l:cakv\___ _‘._“____#*214_:&# Shf’i For | po

. 3lzs V/‘AC"- !n-/ celd ﬁ Cor [om/r?
239 kemow From /. w/e[s/xy:f Foor Jar?

_L(D 3 249 Ph‘cc 1+ /\oé both Poh /0/5/0

P g TR e e o
% 5’d Tlxce e cold b LalA p,,,_ 10 s —

___‘100 P__»_M __Ul&/w% E{‘M_éﬂt -J(ll‘\ (%:_S‘tz\ﬂé\ '@ar'- /’5 e,
A 4t pm plice i tof '

il pm Kemove. K Boom (bt 54T UL&IL\S/ Fw ZY o

4P Place e cold. bz% r__).ﬂa: 16 23 .

S i{/%_} Jon H/ho//e Ar')l z_?/ )Ll, fh[z.vJ mwu

_Q'L['S‘j AN }—p/naVe Pran. A ;&1 £ icﬁs}ﬁrf |év1- / r"/'/

S~

’3‘{‘5‘15 femgy& Il:'ofq Co Lﬁﬁé E?e-f' Sf@ ji F o) I ﬂ?//

.....

5 445, Plee  ju het bath 1

: .4';55/ o ktmove [Crom, llaﬂrdrl. ’Leﬁ Sthn |'=9P lrw_v o

Plzce colb_bxth Eer 1o mir~
_Pemarelﬁlto: coﬁ $¥ad Loy [

__Dhice fr kot 'bﬁ‘)l’/\ For (o, m*

cenote From hatbalh lel stard for Tpam’

?/‘4@ HV C@u b;;\iAi ]'ol"' f°m1~

o Loom cold ﬂu fef st1sd _for )mm

_che'uu ol RBzth: Fov fo mip | |

T30 T remove mm-._ﬁo# bath_Jef o faud tor ’f’“"’
oo ..._____ﬁQl%ce [~ Cold f For s g&_'_‘gﬁi- ST

: 5450“ Femele From col J;;l\ ) /e {’V" _FW' ,Im;l/U
E sl __._______.___?’1-03w bl ba 2 hm/— . ﬁ/JA.-«‘ %- - !
ol r&Mam }7 h . le _QIP Ao rl |
0L et ( f Prth ﬁr 10 M [of 51‘4”4’ (0“‘ ’""W 1
j{l'{L RcMWL foom (all B, le’f‘ ‘}-FJ For - ]I"')I/J ‘ -
- pft@@ro (W) hewnduer W Ligoamnected 4o UM"ﬁC Wﬂ"'
Jl__.u-yl;bj R u,wm It !&16 g\k&ﬂ Fit il ot I qJ
V2 RO Erem (X0 A2 0

; lf.u& ‘Mﬁi W m ﬁs&\



006

(90:57 Place j~ hol BA
B £ #nOKe [—_

- b auef H@ A
R !«&m
 6:4G P[wce/r- ol BA A Fer so ﬂ;//%f

650 remir From coff 622[

“ld

7. F o ’ﬂw’, . j
.5*‘2 Je )[5){’{ 7”0 o
1‘6'?[5 7[;” Fé?;;m rr : j:
[O 1 /1 ' ;
o{_ Z#’i lb’lfgffﬁf'aglz‘ai- //6/;\2 n

___7:0%  Face i col f 7% 4 Lor 1o mAS

20 949 Phee i~ hol BxYA for . O mi-.
2 f-efl:' ve /F’f"’f"\ k. 0_:{' &4[‘ Ie)ﬁg #ZM:HO*’ //’h//u

L7oay”  kemoue . Lram cold 9‘4% fc#sv[zm{ for /n-wu

. 1:z0_ P/-acc [r cold R=ld For /O hAS

:7-"FO Femove From ogZaL,Bx% grd Jest i

ot ijl‘ s 15&4«0 re#gh z,pga/—/eJ

J

Fomperzdate 4 manigis. (old Bath wis |
o:uffe b fe plo___ abdam M:-I-S S bat was Apleto -

ﬂ??ﬂ-“)[‘hﬂ ¢ )"f'fmb M%m’ 6" Fordde N

r&(/or-‘

%:A‘/I 98  F30 4m Duv’ ch/'F_ J»qc/rop Vacuym })aﬁ;_p

%_16556‘[ yesSUrl v AS ’ZXLO écm;,_T /S )vya‘s:(ré

Y-S . consisfant with _woeron flrzesum loss ol Phis |
vesse | . !
3[/1_;:3 o Obfg%z)[/oﬁ Yeof aﬁ DAk E

A )(c;- ) 4"«@#»2/ CV'!/P /

Vf55/ 15 pJa Wﬂb‘PCIS Ao 1V2/rc'fn
e Tl F s ‘ﬁf?;fL . oly |

(1157 Fwmish Ft—” c/(:&f’ yeat A E‘” @[f\Sc@M"C’dL

!

. 00

C‘[—Krv!' O*‘jyl‘&)lm/" LPS‘I_

;07

"?H" “6 Vv(VE hgurd en

pot 1# (50" pides forwadd,  pper [ f/x/:/c ji(gfu (_9__95_#4

rotef le o pd. Df’l‘/ ”t/t [z(uc" oy
W,Vc

i

—_—

— _: }—w‘x ¢

}’“L‘(ﬁe 'HL_, 1613 Fc)rwxy fjpvr/ LL/J GL—{_, <

}-oq[d-e /-/~ fw/ d€1~/ pf[ /e 1 ngzdo%,,[
‘-’"ﬁ’V e liqurdonf  ~ €

7"" &
Ir - - & . \/ﬂf/\/




007

: _::-:_;'.z__J_;, WL ——"7“"” ~ / )
_;_ &[f‘(i‘l“' For .58 )-cpcm‘ movemmj'] g_gfei
N S e ,,J 7L J arce 7‘ cm/ﬂ__

fmwd

! : P}'esS ~Lé ‘1(0/‘357&

ﬁ_ 295¢C  p@peat momWﬁ;
Iy irreqylindies  chedteh yout
#L A Zumc-
arl fe przf. A

el &mr—lel/aws EI Fz m/

U ope f o ..
% ",é Z;zg’z;;;ﬁ

_‘.-___ '/::L kY0 ,pyf "?fgf““ i ___}C ” -
L ror% 5o _Pite h/L Zzgu/d_'z il RS ’ 7} _&5:43;2_’.
| P40’ forw f(m/ 10° [ lguid #FJ/ 4:35%%)Léﬁjﬁ'5'f
o P A TR Lt
) e St fmle . O° P]J—A-, £t O yanw  Jrem ﬁ“r/OSC’;c_'
5 }—-e?e-nl Ihowﬁ':fn/ﬁj-_ a..g(rof-’ /Ud)l’/n‘(l JPIW@P/&ﬁﬂ_”___E
o kf-’Ffd MOV&mmﬁl}’  Fardljor pamz oS
_:_;______,_ __Mevemen T | ramy{m- Loy | '/f" " /J]SQ:a.,‘___'_%
. EF‘ beff”f/‘" < f-:vffa&?[f‘;) //Ormn/ R
S [;1—( _“p} ﬂ_&LL_ﬂa{; Lior dest Lcﬂlc
{f kup_mechzmsm s Fuvctroring.
- _c[\%.,g&"' 3lso,_irdiitfe 7 broken 2 damaged
; ye | oh/_)" ' ws |3 of \U.(? a/J dfﬁfff v j
ﬁ_«_' | wad AVC. P!’@PCC?___%!__L_’Q__QD_NJL%& [—;[ﬂr QONV[MUFG{
= Ysel The pefons Appenr io F—uf J t«rfw fd/o }tc/@f'




4. Remove vessel from hot bath.

5. Transfer to cold bath, taking at least 1 minute and less than 3 minutes.

6. Submerge vessel in -25°F fluid bath, allow to soak for 10 minutes.

7. Remove vessel from cold bath.

8. Transfer to hot bath, taking I minute and less than 3 minutes.

9. Repeat steps steps 3-8 for a total of 20 cycles from hot bath to cold bath (each immersion
in the hot bath starts a cycle).

10. Disconnect the vessel and check vacuum.

Thermal Cycle Test Results
Discussion of Test results:

Four temperature sensors were attached to the dewar in the locations indicated in the picture
below.

TC3
TC4

TC2
TC1

Temperature Sensor Locations
Thermal Cycling Test

In order to be able to submerge the dewar into the fluids, it was necessary to attach the unit to a
T-bar handle (see pictures) that was also used to transfer the vessel between the two baths.

A data acquisition system was used to collect the temperature readings at each second interval.
That log is available for review, but due to the voluminous nature of that log, it is not included in
this report; however the charts on the following pages reflect the actual data in graphic form (at
the beginning of the test and at the end). It should also be noted that the cycling did not allow
time for the recovery of the fluid baths so the temperatures in those baths gradually rose or fell
whether the unit was placed in the cold or hot fluids respectively. A comparison of the beginning



and end will illustrate this commentary.

Conclusion:

There was no visible deterioration or distortion of the dewar. It had the same vacuum throughout
the thermal cycling test duration. It met the acceptance criteria established by the Acceptable
Test Results, §178.CC-13 (e).

Pictures:
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§178.CC-12 (e) (2) Bonfire Test

SCOPE: To perform this test according to the Bonfire Test established in §178.CC-12 (¢) (2)
Design Qualification Tests as referenced in DOT-E 11739 dated Jan 14, 1998.

Items Included in This Report:

Test Setup and Instrumentation
Test Data Sheet

Test Results

Summary of Test Results:

According to §178.CC-13 (f) Acceptable Test Results, the pressure relief valves functioned
properly by preventing rupture of the dewar. There was secondary venting from the vacuum
pump-out plug which was not unexpected once the vacuum was lost in the insulating jacket
provided by the outer vessel and the heat leak affected the LCP (plastic) inner vessel; however,
there was no rupture of the outer vessel. Pressure inside the inner vessel never rose above 52
psig. Secondary venting occurred about mid way in the burn.

A video tape of the actual burn at the Houston Fire Department Training Academy is included
with this report as supplemental documentation.

There is also a series of pictures that were taken in the postmortem to document the containment
of the inner vessel failure by the outer vessel.

11
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Bonfire Test Procedure

Site Preparation:
At the Houston Fire Department Training Academy, located at 8030 Braniff.

The Wood: it must be dry and sized approximately 1 in. X 2 in. X 30 inches for two (every other)
layers and 1 in X 2 in. X 15 inches for the other two (every other) layers. It should be equally
cross-stacked to comprise an approximate 4 in. high X 15 in. wide X 30 inches long rectangular
shape which should be large enough to insure complete envelopment of the dewar and assure a
burn time of at least 15 minutes. The unit must be located a minimum of 4 inches from the stack.
The stack should weigh approximately 10 pounds.

The Kerosene: Two quarts should be applied to the wood stack in a uniform manner and allowed
to absorb for approximately 2 minutes prior to ignition.

The Test Setup:

Schematic of Wood & Bonfire Test

12



The Test Equipment: the positioning of the five (5) thermocouples should be; one sensor at each
side (top and bottom as pictured in the diagram) of the outer vessel and one near the pressure
relief valve. Of the two (2) remaining sensors, one should be placed between the wood stack and
the unit to measure the heat of the burn while the other should be above the unit to measure the
flue affect of the burn surrounding the unit. T.C.#3 will insure that the fire has reached 1200°F
in 5 minutes or less. T.C. #2 will indicate how well the burn is enveloping the outer vessel. T.C.
#1 will indicate the temperature that the relief valve will see throughout the burn. T.C. #4 and #5
will be placed on the outside surfaces (top and bottom) of the outer vessel respectively.

The Thermocouples should be secured by heat resistant epoxy to insure proper insulation. They
should also be connected to a suitable instrument capable of indicating temperatures attained
during the testing, :

A pressure indicating gauge shall be connected to the valve outlet via standard connections to
permit remote monitoring and recording of attained pressure levels. A manual valve shall be
installed into the pressure monitoring system to allow venting of the vessel contents in the event
of test equipment or system malfunction.

*Note from C-14 §6.8: If required, relief device shields, valve caps, or other protective devices
shall be installed.

The Test: make sure the following pertinent information is recorded as a minimum:

. Vessel information (size, material, serial number, etc.)
. Relief valve type and rating- location and orientation

. Date of test and location

. Type of cryogen ‘

. Ambient conditions (temperature and RH)

. Charging information (pressure, etc.)

. Estimated wind conditions/direction

. Names of witnesses ,

. Pressure/temperature readings

Steps:

1.) Prepare test setup as per diagram
2.) Verify the proper installation and function of instrumentation
3.) Verify that all pertinent information (as described above) has been recorded

4.) Charge the dewar with crjfogen to the maximum authorized limit (‘normal charge”)

13




5.) Note final pretest pressure in the dewar and starting temperatures at all sensor
locations.

6.) Ignite fuel and record starting time

7.) Record ullage pressures and temperatures at specified locations at 30 second
intervals for the duration of the test

8.) At the initial functioning of the relief valve, the pressure and temperatures shall be
recorded. The fire shall be maintained for an additional 15 minutes or until the
pressure in the ullage is approximately 0 psig, whichever occurs first

9.) Elapsed time to complete test shall be recorded

10.) In the event that the pressure relief valve does not function within a 10 minute
period, and/or if the noted temperature and pressure readings indicate that the fire is waning,
the test shall be aborted by safely venting the contents of the dewar. In this event, a retest
must be conducted

The Acceptance Criteria: the pressure relief valve shall function preventing rupture of the dewar.
Secondary venting from locations other than the pressure relief valve is not considered a failure,
and retest is not required.

A localized split without propulsion is not considered a failure, but retest is required.

If the dewar becomes dislodged from its test position in a manner as to reduce its exposure to the
fire, the test must be aborted and a retest initiated with a new dewar (if the original dewar has

been compromised.

Discussion of Test Results:

The unit was fabricated according to the schematic that is made a part of this report to show the

- location of the relief valves. The two (2) 45 psig relief valves are located downstream of the
Pressure Closing Valve (PCV) while the 80 psig relief valve is located upstream of the PCV to
address potential abnormal pressure fluctuations in those respective configurations (possible over
pressurization of the inner vessel ullage and possible over pressurization of the cryogen
vaporizing upstream of the PCV).

Chart 1 on the following page has the results of the five thermocouples that were attached to the
unit or located in the fire stream (see “key” for exact locations). The left hand “x” axis is in
degrees F. The right hand axis is in “psig” that was used to measure pressure inside the inner

vessel throughout the test.
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The unit was charged with liquid nitrogen from a dewar that was delivered to the site prior to the
test. The inner vessel was allowed to self pressurize for the test; that is why it started at
approximately 22 psig instead of the operating pressure of 40 psig. Because of the heat involved,
it was known that the inner vessel would get up to that pressure rather quickly in the sequence of
events; this was borne out as the pressure achieved 40 psig within the first two minutes of the
test. The pressure never went beyond approximately 52 psig when the inner vessel failed and the
pressure dropped to zero at about 7 minutes into the test. The video bares this out, because it is
at the time when the outer vessel expended and secondary venting occurred thought the pump-out
plug. Prior to this all the venting occurred through the relief valves (which can be heard on the
audio portion of the tape).

The temperature immediately below the unit reached 1375° F within the prescribed 5 minutes
(actually within 2 minutes), while the top was somewhat controlled by the wind (SW at 14 mph)
reaching a maximum temperature of 1300° F even though a three sided “A” frame was fabricated
for the test. The maximum temperature reached in the fire approached 1600° F for almost 10
minutes of the prescribed fifteen minute burn.

There is a series of pictures that are also included that demonstrate a postrortem on the burned
unit. It seems to bear out the results that are seen in the video as well as those recorded from the
computer data acquisition system that was used to log the thermocouples temperatures and
pressure readings. The sequence of pictures shown the following:

. The total unit as exposed

. The dewar cut open to expose inside

Conclusions:

The test was deemed successful by the criteria established from the CGA Document C-14- 1992
for a Bonfire Test.
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Cryopack Transition Packet - Pressure Control System

Functional Description
The pressure control system for the Cryopack utilizes higher pressure air to supply the dewar

when the ullage pressure drops below a set point (see attached functional schematic). As the”
users breathes, cryogen is withdrawn from the inner vessel through the vaporizer check valve.
The withdrawn cryogen boils and the increasing pressure seats the vaporizer check valve,
preventing back flow into the inner vessel (which would cause venting through the low pressure
relief valve and a slow increase in oxygen percentage during us The higher pressure air goes
through the vaporizer and ambient heat exchanger (AHX), where it is warmed to a breathable
temperature. €). In the event that the vaporizer check valve fails closed, the bypass check valve
allows cryogen to bypass the vaporizer and be provided directly to the AHX. The warmed air is
delivered through the shutoff valve to the mask and regulator. Some of the air also is supplied
from between the AHX and shutoff valve to the pressure control system

The vent line coming out of the dewar communicates with the ullage in the inner vessel via
the pivot mechanism. Excess pressure is relieved through the low pressure relief valve. There is
a secondary relief valve as well that may be replaced by a burst disc. The vent line goes to the
inlet of a three-way valve, During recharge, the backpack is filled with liquid air though the
fill/drain valve and vented though one side of the three-way valve. After filling is complete, the
fill/drain valve is closed and the three-way valve is turned to “pressurize”. The downstream side
of the pressure control valve (PCV) communicates with the ullage through the three-way valve.
When the ullage pressure drops below the set point, the pressure control valve opens allowing
higher pressure air from the AHX to flow to the ullage. There is a gas check valve on the supply
side of the pressure control valve to prevent ullage gas from being withdrawn backwards through
the PCV when the AHX pressure is lower than the ullage pressure and the PCV opens. A high
pressure relief valve is located between the gas check valve and the PCV to protect that section in
the event it becomes a trapped cryogen section and also to protect the AHX from over
pressurization.

Summary
Currently the pressure control system has been tested without the bypass check valve and

meets the NFPA and NIOSH performance requirements. Tests with the bypass check valve have
shown some startup problems, but these are most likely due to valving in the system for the test
and the associated pressure drop. The tests will be conducted again without the valvmg and the
results are expected to be acceptable.

The issues still involved with the pressure control system are production and reliability-
related. The components need to be redesigned for reduced weight and smaller packaging. The
cost of some of the components is probably not suitable, even in production quantities.
However, one of the bigger issues is to specify and design components that are reliable through
the number of pressure and thermal cycles to which they will be subjected, particularly the relief
valves, three-way valve, and fill/drain valve. Specifying components for these three functions
should be the highest priority. These components should then be integrated into a '
package/manifold of the desired weight and size. The assembly needs to be designed and tested
to ensure it achieves the current level of flow and pressure performance.

Paul Duncan 1 June 17, 1996
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1} Comp:
Vendor:
Descript:

Issues:

Paul Duncan

Cryopack Transition Packet - Pressure Control System

Low Pressure Relief Valve (40 psig @ 60°F)

Circle Seal (& Macro Technology) _

This relief valve is the primary relief device for the dewar pressure. It is located
between the 3-way valve and the PCV. It also serves to relieve that section in the
event there is cryogen trapped there when the 3-way valve is turned to vent.
Because this valve protects the dewar and can get cold during venting, it must
operate consistently into the cryogenic temperature range,

The Circle Seal relief valves (500 series, popoff) that have been in service in the
backpack have not proven reliable. They are supposedly rated down to -320°F
but they consistently fail in two common ways. The first is that once the relief
valve begins to vent, the poppet “leans” to one side. Frost then builds up on the
rest of the valve. Moisture and frost buildup between the poppet and seat then
prevent the valve from reseating or cause it to open more, dropping the dewar
pressure. This problem was worse when we using the versions with the domed
deflection cap, but still occurred after they were removed. The other problem is
that over time, the seal on the poppet deforms and begins to leak at pressures
below the set point. Trying to reset the valve does not provide satisfactory results.
I have talked to Jeff Zabrokrisky at Circle Seal, and his answer was basically ‘of
course they begin to leak over time, they were never designed to work at those
low pressures.” It seems that they will work at higher pressures (90+ psig)
because the spring force makes the Teflon seal. At lower pressures, there is not
enough force on the seal once it begins to deform. As for the frost causing the
valve to fail open, he suggested putting a cap around it to keep it dry, but the seal
failure overshadows the frost problem, Macro Technology makes a relief valve
almost identical to the Circle Seal one for about a quarter the cost, so we have
basically been swapping them out as they fail.

Essex Cryogenics makes a relief valve that has proven much more reliable for use
at cryogenic temperatures but its lowest normal set point is 80 psig. We have had
Essex deliver some to us with settings as low as 60 psig, but the valve will not
work below that without redesign to a bellows component inside. The relief valve
is larger and heavier than the circle seal ones, but we have never had a problem
with them.

2 June 17, 1996



OPERATING CHARACTERISTICS

ZERO LEAKAGE — to 95-98% of cracking pressure.

INCREASED SEALING EFFICIENCY — as pressure increases. Resil-
ient“Q" ring seal is forced against metal seatas pressure increases up
to set cracking pressure.

CRACKING PRESSURE ACCURACY — Valves can be preset to
required cracking pressure,

" WIDE RANGE — of cracking pressures, without sacrificing flow char-
acteristics, provided through interchangeable springs and simple
adjustment. (See replacement springs and adjusting information.)

TAMPER-PROOF ADJUSTMENT — Adjustable only from inlet side for
safety against tampering. Permits precise setting for the most exacting
system requirements,

STICKING ELIMINATED — Poppet head provides metal seat on fow
pressure side of seal, limits squeeze on resilient seal ring. Prevents
water and dirt from entering valve.

LONG, MAINTENANCE-FREE SERVICE — Parts will not wear out in
normal service. Overhaul, if necessary, is quickly made by replacing
resilient seal.

VARIATIONS — Vent to atmasphere or inline connections, various
materiais.

RELIEE VALVES
‘500 Series
Popotf, inline
5-150PSI

HOW IT WORKS

CLOSED
Resilient seal design prevents leakage.
Sealing efficiency increases with
increased pressure up to cracking pres-
sure. Metal to metal seat on low pres-
sure side supports spring load, pre-
vents sticking.

-
T
Eney

OPEN
When system pressure overcomes
spring force poppet opens momentarily
exposing variable orifice between pop-
pet and body to pass increasing flow
with minimum pressure rise without
blowdown.

RESEALING
Resilient seal automatically establishes
line of contact with spherical seat. Seal
provides dead tight reseal very closeto
cracking pressure.

a
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-SERVICE RECOMMENDATIONS

MODEL G-RING OPERATING

SRR !-“ TRl SUITABLE FOR
-_ cIRcLE C)v SEAL NUMBER | MATERIAL {TEMPERATURE o

General Purposae, Air, Acetylene, Ammonia,
o 0
559 . Buna N ~40°to +250°F Freon 12, Hydrogen, Inert Gases

' c 0 N T n u I. s Aromatic Fuels, Synthetic Qils, Solvents,
532 Viton -20° to +400°F | Carbon Tetrachloride, Toluene,

Trichloroethylene, Steam

533 Neoprene | -40° to +250°F gi’ggg:' :iel"”";'n A:'c';'fy‘f;‘r"ge"' Carbon

) Ethylene | .., o .
562 Propylene 65° to +300°F | Skydrol, Air, Steam
' R E Ll E F VA Lv E s Air, Chlorinated Transformer Qil, Oxygen. Not
. a e 524 Silicone -65° to +400°F | available for cracking pressures above
500 Series 749 PS|
Chemically inert. Suitable for nearly ail fluids.
. ge 520 Tetion -100° to +400°F | Not available for cracking pressures below
Popoff, inline 25 P
5-150 PSI K520T1 Teflon | -320°to +165°F| Especially assembled and LOX cieaned
' 580T1 Teflon -320°to +165°F| No cryogenic processing
: HOW TO ORDER i -
TECHNICAL DATA ‘ D 559 A-6MP-10 C
PART NUMBER DESIGNATION
MATERIAL......ccoivnnens Body and VARIATION IDENTIFICATION
internal parts—bar stock D— Prefixed Part Number is supplied with a cap
which diverts high pressure blasts from per-
SPRING . Stainiess steel 302 sonnel and instruments. Serves as a rain and
17 TPh """" dust shiefd. Increases flow capacity and
or 17- : facilitates manual override,

NOT RECOMMENDED FOR CRACKING

RESILIENT SEAL........ See service PRESSURES BELOW 2 PSI
ammendations K—Cryogenic service {stainless steel valves
only) {(Specially manufactured, cleaned and
OPERATING PRESSURE . . .0-200 PS| tested for cryogenic temperatures)
Satisfactory for vacuum applications
— BASIC MODEL NUMBER
CRACKING PRESSURE....5-150 PSI
Higher cracking pressures available— MATERIAL ,
please check with factory. (Cracking : A—Aluminum  Ti—Stainless, 316
pressure is defined as 5 cc/mi. with B—Brass

gas, except for 520 Series for which END CONNECTIONS —INLET/
flow is 0.02 SCFM.) NOTE: See (size in 1/8" OUTLET

exceptions for Teflon and Silicone M—Male pipe
under Service Recommendations.

P—Female pipe

CRACKING PRESSURE—Specify setting in psi.
FOR INLINE VALVES:

PROOF PRESSURE ......... 400 PSI _
SURST PRESSURE - Above 500 PSI CRACKING PRESSURE INFORMATION
1M thru 2M & 2MP thru 3MP 3M thru 12M & 4MP thru 10MP
ADJUSTMENT ........ Adjustment is = Lo
on inlet side, and cannot be tampered CODEf | C.P.SETTING | C.P.RANGE| CODEt | C.P.SETTING | C.P. RANGE Jig
with after valve is installed. A 05 2-9 A 1 5-2.4
B 1 1,0-2.3 B 4 2.5-59
o] 4 2.4-55 C 10 6.0-13.9
D 10 56-13.9 D 20 14.0-31.0
i - i i iy, E 20 14.0-27.9 E 50 31.0-729
tAlpha Code is for Circle Seal internal use only F 20 280339 : 00 01500
G 55 34.0-74.9
H a0 75.0-104.9
J 125 105.0-147.9

S CIRCLE SEAL CONTROLS, ING.

: 2301 WARDLOW CIRCLE
P.O. BOX 3300




o

HEX ACROSS FLATS

VENT TO ATMOSPHERE ————— INUNE < .. -
) DIMENSIONS DIMENSIONS =
D PIPE SIZE
E
PIPESZE| | | ey | pia r MALE & FEMALE{ L | HEX
MAX ; -
" 1441 v | 63 HEX ~ ;/; l‘gﬁ ;:
L Y 138 | % 90 | ACROSS L ' % . 234 | 1%
:: :.;g 31/. :i; FLATS % 272 | v
: . 1 382 | 1%
% 231} 1% | 145 1% 467 | 1%
1 316 { 1% | 1.89

*Complele part number must include cracking pressure. See chart on previous page.

: - MODEL NUMBER RS
ANDSTYLE | SIZE ' —
559 533 532 524
3 559A-1M-* 533A-1M-* 532A-1M-* 524A-1M-*
= Va 559A-2M-" 533A-2M-* 532A-2M-* S524A-2M-*
= POPOEF % 559A-3M-+ 533A-3M-* 532A-3M-* 524A-3M-*
z : Y 559A-4M-* 533A-4M-* 532A-4M.* 524A-4M-*
; % 558A-6M-* 533A-6M-* 532A-6M-* 524A-GM-*
# 1 558A-8M-* 533A-8M-* 532A-8M-* 524A-8M-*
INLINE Ya 558A-2MFP-*| S533A-2MP-*| 532A-2ZMP-*| 524A-2MP-*
s 558B-1M-* 533B-1M-* 5328-1M-* 524B-1M-*
Y 5598-2M-* 533B-2M-* 5328-2M.* 524B8-2M-*
POPOFE ¥ 5598-3M-* 533B-3M-* 532B-3M-* 524B8-3M-*
% 5598-4M-* 533B-4M-* 532B-4M-* 524B-4M-*
% 5598-6M-* 533B-6M-* 532B-6M-* 524B-6M-*
1 559B-8M-* 5336-8M-* 532B-8M-* 524B-BM-*
Vi 559B-2MP-* | 533B-2MP-* | 532B-2MP-* | 524B-2MP-*
% 559B-3MP-* | 5338-3IMP-* | 532B-3MP-* | 524B-aMP-*
INLINE ] 559B-4MP-* | 533B-4MP-* | 532B-4MP-* | 524B-4MP-*
% 559B-6MP-* | 533B-6MP-* | 532B-6MP-* | 524B-6MP-*
1 5598-8MP-* | 5338-8MP-* | 532B-8MP-* | 524B-BMP-*
1% | 559B-10MP-*| 533B-10MP-* | 532B-10MP-* | 524B-10MP-*
Ya 559T1-1M-* | 533T1-1M-* | 532T1-1M-* | 524T1-1M-*
Ya 559T1-2M-* { 533T1-2M-* | 532T1-2M-* | 524T1-2M-*
POPOFE % 559T1-3M-* | 533T1-3M-* | 532T1-3M-* | 524T1-aIM-* For ASME code valve, available in % inch size
Ya 559T1-4M-* | 533T1-4M-* | 532T1-4M-* | 524T1-4M-* only. Add ASME after valve number. For opera-
% 559T1-6M-* { 533T1-6M-* | 532T1-6M-* | 524T1-6M-* tion details see ASME Valve catalog sheset, Form
1 559T1-8M-* | 533T1-8M-* | 532T1-8M-* | 524T1-8M-* Number C5P-366L. \
% 558T1-2MP-*] 533T1-2MP-*| 532T1-2MP-*| 524T1-2MP-*
INLINE Y% 559T71-4MP-*] 533T1-4MP-*| 532T1-4MP-*| 524T1-4MP-*
% 559T1-6MP-*}{ 533T1-6MP-*| 532T1-6MP-*{ 524T1-6MP-*

%% REPLACEMENT SPRINGS** .- %
C.P. RANGE 1M/2MP 2M/3MP C.P. RANGE IM/aMP 4M/6MP 6M/8MP 8M/10MP
0.2-09 22335-0.5 22336-0.5 5-24 10362-1 10462-1 10662-1 10845-1
1.0-23 22335-1 22336-1 25-5.9 10362-4 10462-4 10662-4 10845-4
2.4-55 22335-4 22336-4 6.0-139 10362-10 10462-10 10662-10 10845-10
56-13.9 22335-10 22336-10 14.0-31.0 10362-20 10462-20 10662-20 10845-20
14.0-27.9 22335-20 22336-20 31.1-729 10362-50 10462-50 10662-50 10845-50

28.0-33.9 22335-30 22336-30 73.0-150.0 10362-100PH 10462-100PH 10662-100PH 10845-100PH
34.0-74.9 22335-55 22336-55
75.0-104.9 22335-90PH 22336-90PH

105.0-147.9 22335-125PH 22336-125PH

**Springs for each vaive size are interchangeable. The Cracking Preasurs range
can be changed by replacing the spring with ona covering the desired range.

2301 WARDLOW CIR
‘PIO.-BOX 3300 .




— ADJUSTING INFORMATION A 9 ' :
_— Two tools for adjusting cracking pressure range are listed in the chart below; the adjusting tool, CIRCLE C‘L::Dv SEAL

{EX 10086 and nut driver, 10087. Use them as follows:
1. Remove Valve from service,
3% 2. Fitproper size adjusting tool {see chart below) over the spring guide (3-fingered spider}in the ' cﬂ NTRULS
% inlet end,
1 3. Place nut driver {10087} inside the adjusting tool {10086) and loosen tock nut Remove nut
1V driver leaving adjusting tool engaged with spider nut. Press down on valve housing to
1% COMmpress spring, causing poppet to raise above housing seat. Turn poppet head with your
1% fingers clockwise or counter clockwise fo increase or decrease cracking pressure.
— 4. On inline models (500-*MP) proceed as in step 3 until itis necessary o turn poppet head. R E Ll E F VA Lv E s
Insert screwdriver into slot in poppet head and turn screwdriver clockwise or counter
clockwise to increase or decrease cracking pressure. - 5 00 serles
NOTE: Older models, which do not have a slot in the poppet head, require the use of a .
wood spacer, secured by a pipe plug, to hold poppet while adjusting. . e.
5. Test for desired adjustment POpOff, inline
6. Hold spring seat spider nut stationary with adjusting tool and cinch lock nut against spider 5-150 PSI
with nut driver after desired setting is obtained. )
7. Retest to be sure adjustment is not changed.
ADJUSTMENT TOOLS
4M/6MP
SIZE 1M/2MP 2M/3IMP IM/AMP EM/EMP 8M/10MP
ADJUSTING TOOL 10086-1 10086-2 10086-3 10086-4 10086-5
NUT DRIVER 10087-1 10087-2 10087-3 10087-4 10087-5
] REPLACEMENT PARTS '
ORDER REPAIR KIT: GIVE COMPLETE MODEL NUMBER, SIZE & CRACKING PRESSURE
CRACKING PRESSURE — RESEAL CHARACTERISTICS
CRACKING PRESSURE LEAKAGE Below Cracking Pressure:;
STANDARD SEALS AND SILICONE ........ .o Beoc/min, STANDARD SEALS........ o+ o« 010 lower limit of tolerance
TEFLON (..ccvennn.. Pratresseaann erassen..002scim SILICONE (524) & EPR (562) .. ... 01to 80% of cracking pressure
CRACKING PRESSURETOLERANCE ................ +5% TEFLON{520) .......... e+ o es e 1 oC/min. to reseal pressure
Cracking pressure on initial crack may be higher than cracking 10 ec/min. max. with gas from reseal to cracking pressure
pressure tolerance due to inherent characteristics of seais.
ch size " . w = , 150
opera- " ' - 55 e STRI LS ™ DT
it, Form . e o
w 0 50 130 1. S :
[ © g
2 9 a8 120 . S
7] ! /
g [ 4 110 . KEREAL PrRESSR]
:; ! i 100
i et 2
@ & “ 20
Mp £ 5 . . ) b " =
. g 4 4 PRESSURE FON w0 o . PREsGURE FOR
: 5 3 SYANOARD SEAL 8 50 BTAMOARD SEAL
0 < BILICONE AN EPR TEFLOW W/LIGUD
0 5 H TEFLON W/ LIQUID 10 50 . . TErLoNwIAR
o : TRFLOX WiGAS
OOPH I F CCrme, MAX. ¥ o
v saowe 1 1
01 2 3 & 5 & T 8§ 93 W 6 5 10 15 I 2% 3 35 46 45 S0 S0 60 0 M 30 19c 110 120 t30 16
CRACKING PRESSURE—PSI CRACKING PRESSURE—PSI CRACKING PRESSURE—PSI

BIRGLE SEAL BUNTRI]I.S ‘INC.

2301 WARDLOW CGIRCLE

P.0.-BOX 3300 .
CORONA, CALIFORNIA 81718




CRYOGENIC
VALVES

RELIEF
VALVES

part no. 20C-0050 series

: 3000 MAX =938 MAX. !
TS D= — i aner peR : !
| ¢ 375 HEX MIL-P-7105
PN I | l =%
| ~ T E
e -
i .|
Qi ZE i
¥ ] ;
= % ANPT PER MIL-P-7105
: =391 x 015
— _ —

ESSEX CRYOGENICS OF MISSOURI, INC.
a subsidiary of Essex Industries, Inc.
8007 Chiwvis Drive e St. Louis, MO 43123
PH (314) 832-8077
Telex 44-2310 ® TWX 910-761-1165

The 20C-0050 series Relief Valves are designed for use
on Air Force and Navy liquid oxygen converters and
other cryogenic systemns.

The valves are manufactured to meet all the
requirements of MIL-V-9050,

The relief valve construction features a stainiess steel
balfl and a Teflon seat anangerment which provides
Zero leakage af re-seat pressures and ample areq for
flow in ‘excess of 100 liters per minute ot the high end
of the operating range.

Other valve features include ANPT threaded inlet and
cutlet ports, internal filter and comosion resistant steel
construction. ’

The valves are available in a wide range of pressure
seftings to accommodate a varisty of present system
requirements.

‘Maximum weight in this series is approximately 2.50 ozs.

PART NO. | MIL SPEC. AND TYPE | OPERATING RANGE
20C-0050-1 | MIL-V-9050, Type | 80-100 PSIG
20C-0050-2 | MIL-V-9050. Type I 100-120 PSIG
20C-0050-3 MIL—V-9050. Type i 330-380 PSIG
20C-0050-4 | MIL-V-9050, Type IV 380-430 PSIG
20C-0080-5 | MIL-V-9050, Type V 120-140 PSIG




2) Comp:
Vendor:
Descript:

Issues:

Paul Duncan

Cryopack Transition Packet - Pressure Control System

Three - Way Valve

Hoke or Essex Cryogenics ‘

This valve diverts flow to a vent during fill, and therefore will have liquid air
flowing through it and must be cryogen compatible. When turned to vent, it also
prevents the liquid from flowing through the vaporizer during fill. Basically,
testing has shown that if the line from the pressure control system were not
blocked during fill, liquid would flow into the vaporizer, venting through the
pressure control system, in addition to filling the dewar. By using a 3-way valve,
some of the cryogen flows into the vaporizer, boils, and prevents any more from -
entering. Also, the valve preferably has no “middle closed position.” If the valve
can be turned to a middle position where the inlet is deadheaded, a second relief
valve is required between the dewar and the valve to protect the dewar.

There have been two three-way valves that have been used in the backpack. One
is a Hoke 3-way ball valve that is not rated down to cryogenic temperatures but
will work for a reasonable amount of time. The biggest problem with Hoke valve
seems to be that during use, frost builds up on the valve and valve stem. Then the
frost melts and seeps into the packing when the valve is not in use. When it has
cryogen flowing through it again, the moisture freezes, seizing up the valve
handle and damaging the packing. After repeated cycles, the packing begins to
leak pressure. Also, the ball seat begins to wear after repeated thermal cycles and
pressure will begin to leak around to ball to the vent.

The other is an Essex “shuttle” valve that is rated for liquid oxygen service but is
not design to handle repetitive cycles with short down times. The valve utilizes a
cam on the valve stem to move a shuttle along the valve body to seal one outlet or
another. This valve has a similar problem to the Hoke valve. Frost and moisture
buildup on the cam and freezes after repeated uses, seizing the cam or reducing its
travel. This prevents the valve shuttle from moving into a sealing position.

3 ' _ June 17, 1996



Ultramite™7065 Series Ball Valves With Fixed End Connections

n

TECHNICAL DATA
Maximum operating pressure: Moderate vacuum

Maximum operating  _
temperature range:  0°to 350°F BALL —
(-18° to 379°C) % v
Qrifice:  .187 (5mm) == -
Cvrange: .1510 .66 ZEE
End connections:  1/4". 1/8"- 3/8” Gyrolok ROLL PIN

7065F48

BENEFITS
Design

Compatibility
Bi-directional
Leaktight Sealing
Visual Flow Indication

Installation Variety
Safety Handle

Remote Actuation

dy Material Choice

HANDLE

DYNA-PAK

ta 500 PSIG (3.4MPa) _~PACKING

GASKET

SEAT / \
WASHERS SEATS

END FITTING

corrosion resistance

FEATURES PRESSURE-TEMPERATURE CURVE
Rolt pins secure end fittings s00 l ; .
I ; !
| I ’
Teflon seats and washers for excellent 500 ' i !

Duat encapsulated Teflon seats and

microfinished bail 2 I

1] | 1 i
Quarter-turn handle indicates on-off z T
Gyrolok® tube fittings or pipe-ended models &

Oval trip-proof handle helps prevent accidental

actuation . 100

Elettric and pneumalic actuators

|
i
|
i
|
]
1
i
|

See Hoke Actuated Valve Catalog for details. e
TEMPERATURE 'F

Select from brass or 31688

300

330




Ultramite™7065 Series Ball Valves With Fixed End Connections

VALVE ORDERING CHART

7065 SERIES FIXED ENDS — .187 ORIFICE

Moderate vacuum to 500 PSIG

End Connections Crder by Part Number
Inlet & Outlet . Brass u - Monel  Cv
1/4 NPT Female : 66
1/8 Gyrolok .15
1/4 Gyrolok 53
3/8 Gyrolok .66
DIMENSIONS
End Connections q  Panel Mounting
AB&C D E G H H Hole Max.
Size Thickness
186 : ok inch 3me” 134 11516 2 716 B7/64 316
8 Gyrolo T e e e e
' T Ll B i d & AD. BT L 1l.aze8 - 5 ¢
1/4 Gyralok inch 35/8" 134 11516 217116 716 57/64 3!16 -
yrolo e e e e o
AR S ek e SRR, SN N e il v il - v e nm
inch 378" 134 115118 23/16 7116 57/64 3!16
3/8 GYTOEOk rr——ﬂw-—wmm --v—--_v_-.-- g T A
mm 987 A4 5 o490 oA BE L 1= .:23 o5 o
inch 3 13/4 13/4 1516 7!16 57/64 316
1/4 Female s I —— T g
TEAL MR s
**Hand tight
PANEL MOUNTING NUT
- A
i 4l
Y
A
|
7065 SERIES i Y

Y
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Eﬂﬁhﬂjﬂu 265 Field Rd. Somers, CT 06071

FAX Transmission

From: C. A Siver Date: May 21, 1996

To: Paul Duncan Time: 11:.02 AM

Company: Oceanesring Space Center FAX # 1-713-286-2625
Number of Pages: 2

Message:

Sketch of our proposed 3-way diverter valve is aftached. We assume that the
objective is to take air from either of two tanks and deliver is to a mask. If tight
shut-off of both tanks is a requirement, it would be necessary to modify this
proposed design. The design shown would weigh about one-quater pound
made out of aluminum.

Our pricing for an initial order wouid inciude a one-time charge for engineering
and tooling.

I will call you this afternoon to inquire as to your interest in this valve.

C. A. Siver
Chrm & CEQ

Voice: 860-748-0761 Fax: 860-763-3557
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BUILD-UP
AND VENT
OXYGEN
VALVE

part no. 20C-0023-4

ESSEX CRYOGENICS OF MISSOURI, INC.
a subsidiary of Essex Industries inc,
8007 Chiwvis Drive e St. Louis, MO 63123
PH(314)832-8077
Telex 32618 & TWX 910-761-1165

- ro! ' ﬂ /4 , {'ﬂ “ . = ,
6 O(}, ( - Té (/ =7 . exygen qu_zyerfegs on curent military aircratt,. -

,:The Oi:\)gen build-up and vent vaive is used with liquid

e

valve conforms fo MIL-V-8057.

e et

) Mcx:mumwe:ght is 0.85 pounds,

" The vaive is a three way, two position manually %
operated valve. in a crygogenic system, these features o
place the systerm in o vented or pressurzed mode. 1

This vaive is used with 70 or 300 psigy systems.

e




- 3,845 > ™

1079 = 109 3
3/8 ANPT Per 1.570— . -
Mil-P-7105 — o7 i
S e
268 et \ . ]
' S =
Y —_ ] - -
1 e AN —
= 005 - . N
268 e I "( -
/1/ 8 ANPT —]  |— 250
Per _ .204 Dig -4 Hotes Equally
MikP-7105 - 2,320 — - 2.406 Spacecon 2062BC. (—— 5 g =
+.125 =005
3/8 ANPT Per
Mil-P-7105

SPECIFICATIONS

BUILD-UP AND
VE N T OXYGE N e ‘e.vclve is used with oxygen, nitrogen and other cryo-
VALVE —

part no. 20C-0023-4

M“,amac T

: _elve Isfcbﬁccted from aluminum and stainless s’reei
i 1eﬁon secﬂ mcfenal

i
{
1

ESSEX CRYOGENICS OF MISSOURI, INC.
a subsidiary of Essex Industries inc.
8007 Chiwvis Drive e St. Louis, MO 63123
PH{314) 832-8077 % I
Telex 32618 o TWX 910-761-1165 L PO




3) Comp:
Vendor:
Descript:

Issues:

Paul Duncan

Cryopack Transition Packet - Pressure Control System

Secondary Relief Valve (40 psig) or Burst Disc (80 psig)

Circle Seal (& Macro Technology) or Pro Quip _
Same description as the previously mentioned 40 psig relief valve. This valve
was installed primarily to protect the dewar if the 3-way valve were turned to the
middle closed position. It also served as a redundant relief valve during
operation. It is preferable to use a burst disc in place of this relief valve and have
a 3-way valve with no middie closed position, as a burst disc should be less
expensive and more reliable than a relief valve. According to CGA S-1.1, the
burst disc set point should be .75-1 times the test pressure of the vessel. This
burst disc will also be exposed to the cryogenic temperatures though that can be
minimized through plumbing arrangements. _

The secondary relief valve issues are the same as those for the aforementioned
low pressure retief valve. Ifit is determined to used a burst disc instead of a relief
valve to provide redundancy, the relief capacity of the primary low pressure valve
will need to be increased.

A burst disc was originally used to provide redundancy for the low pressure relief
valve. OSS conducted some subcomponent testing on the burst discs we have
recetved from ProQuip and they bursted at a much lower pressure than expected
when cold. Theoretically, the cryogenic temperatures should have caused them to
rupture at a 10% higher pressure due to the inconel/teflon/inconel construction.
Instead they were rupturing around 10% lower than design. ProQuip suggested
that we pay them to research why this was happening, but we declined. OSS has
looked into some other burst disc manufacturers but they all suggest a similar
design for the thermal and pressure regime the pack operates in. It is possible to
get an all metal construction burst disc for the low pressure, but the component
would end up being relatively large.

4 June 17, 1996
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DESCRIPTION

e type D is a tension loaded, angle seated

spture disc of composite (two part) construction.
The two parts are called the cap and the seal. The
cap is dome shaped with six radial siits that
terminate in a “break away" circle at the top (see
photo below). The seal may be metal foil or a film
of plastic, usually Teflon.

Top view of the cap. Rupture begins when the
gterial between adjacent holes tears.

VACUUM AND REVERSE PRESSURE

If pressure is applied to the domed side of a type D
disc, the seal will reverse and collapse. Accordingly,
if it will be exposed to vacuum or back pressure,
the seal must be supported. The support member
is called a "Vacuum Support”™. A vacuum support
will not hold pressure and, when the disc ruptures,
will open fuily. The PROQUIP vacuum support has
6 pie-shaped sections that open like the petals of

a flower when the disc ruptures. When supplied
with a2 vacuum support. the Type D is designated
Type DV.

Although the shape of the vacuum support is very
close to that of the seal, it is never identical.
Consequently, when exposed to vacuum or back
pressure, the seal will move slightly. This
movement creates stress in the seal material and,

repeated frequently, will cause the seal, and

nce the disc, to fail pre-maturely. Accordingly,
Type DV discs are not recommended for services
where there is frequent positive-to-negative
pressure cveling.

e
ity

CAP .
CAP SLITS
/HA‘SEAL

Cross section of a Type “D” rupture disc.

The type D disc is installed with the concave side
facing the system pressure. As the pressure rises,
the tension in the cap material between the holes at
the top of the slits increases. When the vield point
of the material between adjacent holes is reached,
the material tears, which initiates the complete
rupture of the disc. The diameter of the circie of
holes at the top of the slits determines the rupture
pressure of the disc.

80% OPERATING RATIO

Working pressures up to 80% of the rupture-

pressure of the disc will not affect the service flife ..
of the disc. Accordingly, the “operating ratio” of the
Type D disc is 80%.

Vacuum Support
before rupture

X

Vacuum Support
after rupture

PROTECTIVE RING

When the rupture pressure is very low, the cap and

seal materials are very thin and extremely fragile.

Also, when the seal is Teflon or some other soft

material, it is very vulnerabie. If there is n0 vacuum e
support, a protective ring is recommended to Mo
facilitate the handling of the disc and to prevent the
holder from cutting through the seal material during
installation. When supplied with a ring the disc is
designated DR.

=P =] E2RG AR SRS T TITITAMMHS ATNRAMNA 2257 . M3 KAC



) DISC HOLDER

‘ost type D discs are made with an angle seat for

\staliation in standard 30 degree angle seat disc
holders. When the male and female seats engage,
a line contact is made around the circumference.
This causes a concentrated “squeeze” on the disc
which results in a very efficient seal. A GASKET IS
NOT REQUIRED. Same low pressure Type D discs
are made with flat seats and require gaskets. These
are designated Type FD. Holders are available with
threaded, weld or flat ends in bolted, union or
screw types. The most popular is the modef “7A"
which fits inside the bolt circle of the companion
flanges. Refer to catalog RD18 for more
information and dimensions.

TYPE TMT AND TMTV

The type TMT (Teflon-Metal-Teflon) disc was
developed for very corrosive environments. It is a
type D disc with Teflon seal that also has a Tefion
tiner on the outlet side. As a result, all exposed

: parts are Teflon, which can withstand attack from

e -
70st chemicals. The TMTV has reinforcing on the
nder side of the metal element that enables it to
withstand vacuum or back pressure.
MANUFAGTURING BRANGE
Although it is possible to produce 2 Type D disc that
will rupture at exactly the desired pressure and
temperature, it takes a great deal of time and increases
the cost cansiderably. Most applications do not require
discs to rupture at precise pressures. Consegquently,

DESIRED RUPTURE MARUFACTUHING RANGE”
PRESSURE (PSIG) MINUS |  PLUS
2% - 3% 1 pal 1 psi
4d - B 1 psi 2 psi
7 - 10 1 % psi 2 % psl
1 - 16 2 psi 3 psi
17 - 25 2 psi 4 psi
26 - 40 3 psi 5 psi
41 - 85 4 psi 6 psi
66 — 100 | 5 psi e psi
101 - 150 | 6 psi 12 psi

o 161 - 200 9 psi 16 psi

| 201 - 350 12 psl 23 psi
351 ~ 500 15 psi 30 psi
Cver 500 3% 6%

Cross section of a Model 7A Holder showing the
angie seat.

SERVICE RECOMMENDATIONS

Type D and TMT rupture discs are recommended
for liquid or gas pressure relief where the
maximum operating pressure in the system being
nrotected is constant and does not exceed 80% of
the rupture pressure marked on the tag of the disc.
When supplied with vacuum supports, they will
also give satisfactory service if occasionally
exposed to vacuum aor back pressure.

Type D and TMT discs are not recommended where
the working pressure exceeds 80% of their rupture
pressure of where they may be exposed to
positive-to-negative pressure cycling. They are also
not recommended in services where fragmentation
is not acceptable.

discs that burst within a known range of the desired
pressure are usually acceptable. The Rupture Disc

- Manufacturing Industry has established a “Standard

Manufacturing Range” that is normally acceptable to the
users of rupture discs. The size of the range changes as
the desired pressure increases and is shown in the table
on the left.

Uniess stated otherwise in the order, it is assumed that
the Standard Manufacturing Range is acceptable to the
buyer and discs that will rupture within this range will
be shipped. If the standard range is not acceptable, it
can usually be reduced by 50% or 75% and sometimes
100% on payment of a “Reduced Manufacturing Range”
¢harge.

It is important to note that the Code states that a
pressure religving device set to relieve at a pressure
higher than the design pressure of the system is
UNACCEPTABLE. Consequently, if the desired rupture
pressure is the same as the design pressure, it is
extremely important to mark on the purchase order .
“MAXIMUM" rupture pressure. When this is done, the
manufacturer wili change the range to Pius Zero, Minls
the total of the applicable plus and minus from the table.

Qe  £ZE@ 6vB <@ T TTUMMC dINDONd S5:ST bS. 28 NAL



MINIMUM/MAXIMUM RUPTURE PRESSURES
AT 72°F. (22°C.)

INCONEL 600 OR 316 STAINLESS STEEL CAP

_ S EAL_ MATETRLIAL Maxirmarm
Size | Teflon |[Aluminum| 316 SS | Nickel | Monel | Inconel | wiany seal
7 %5 60 00 785 240 300 2,500
25 mm 1.8 42 28 13 16.9 21 175
112" 20 35 275 125 155 200 2,000
40 mm 1.4 2.5 19 8.8 10.9 14 140
2" 15 25 165 80 90 120 1,500
50 mm 1.0 1.8 1.6 5.6 6.3 8.5 105
3” 10 15 125 55 70 95 1,000
80 mm 7 1, 8.8 3.9 4.9 6.7 70
2 8 12 90 40 50 75 900
100 mm 6 84 6.3 2.8 35 5.3 63
5" 6 10 75 35 40 60 700
150 mm 4 7 5.3 2.5 2.8 4.2 . 49
8" 5 8 60 25 35 40 600
200mm | .35 8 4.2 1.72 25 2.8 42
10" 4 7 45 22 30 30 500
250 mm 3 5 3.2 1.5 2.1 2.1 35
127 3 7 40 19 25 25 400
300 mm 2 5 2.8 1.3 1.8 1.8 28
12" 3 7 35 17 20 25 300
350 mm 2 5 2.5 1.2 1.4 1.8 21
16” 3 7 30 15 18 25 275
400 mm 2 5 2.1 1 1.3 1.8 19
18" 3 6 25 15 35 250
450 mm 2 4 1.8 1 25 18
20" 3 6 25 20 50 225
500 mm 2 A 1.8 1.4 3.5 16
24" 3 5 45 60 60 200
§00 mm 2 35 3.2 4.2 4.2 14
NOTE: CLEAR FIGURES ARE PSIG, SHADED FIGURES ARE kg/cm®
MAXIMUM SEAL OPERATING TEMPERATURES
FEP — 400°F (204°C) 316 SS - 900°F {(482°C)
TFE or PFA — 500°F (260°C) Nickel —  BOO°F (427°C)
Polyethylene — 150°F (65°C} Monel ~  900°F (482°C}
Aluminum  — 800°F (316°C) Inconel - 1000°F {538°C}

“USE TEMPERATURE CORRECTION TABLE TO DETERMINE MINIMUMS AT OTHER TEMPERATURES.

e BT R |
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UNION TYPE

BUTTWELD {F) FIPE THD. . BUTTWELD

{F) PIPE THD,

(F) PIPE THD. () PIPE THD. BUTTWELD SUTTWELD

Sz RATING AGROSS APPROXIMATE END-TO-END DIMENSION

T 3y su ]

o 3000 1% 24 2% 2% 2%

é 60004 2% 2% 2 2x 2%

. 3000# 2% 2% % - 2% 2%

60002 3% 3 3% 3% 3%

17 30007 3% 3y 0 3% 2%

2" 1500# 4 3% 3% % 3

SCREW TYPE

£
— A
E! Fy
1
~ H ! !
c
c
} !
T - Ty
]
ASSEMBLY CONNECTIONS HEX SIZE HEIGHT "C"
No, INLET OUTLET “A° “g" 3000 10,0004
™ % FREE 1% 1% 2% 2%
- % FREE - 1% 1% 2% | 2%
o % % 1% 1% 3% 3
ra o % Y% 1% 1% 3% 3
576-1 - Y% MUFFLED 1% 1% 24 2%
- % MUFFLED v 1% 2% | 2%

NOTE - An inexpensive, brass, disposable screw type with non-replaceable disc is also
avaitable for lower pressure applications. Ask the factory for details.
FPARA AR OB T TTITAMHO JINDOHA 'S:6T 5, 28 NOD
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Cryopack Transition Packet - Pressure Control System

4) Comp: Pressure Control Valve (37 psig)
Vendor:  Essex Cryogenics
Descript: The PCV is a valve made by Essex Cryogenics primarily for aircraft LOX
- converters. The valve opens when the downstream pressure drops below the set

point, allowing the higher pressure air to flow into the ullage. High pressure air
from the AHX is used to pressurize the dewar when the ullage pressure drops
below ~37 psigz. The valve does not act as a check valve however. If the ullage
pressure drops below the set point and the PCV opens, it will flow gas from the
ullage if the supply side pressure is lower. -

Issues:  There are no performance issues associated with the Essex PCV. This component
has almost always performed exactly as required and expected. The only
problems ever encountered with the PCV were a result of improper calibration.
The valves ar: somewhat finicky to reset and, if not done properly, can be
damaged. Components that have come from Essex preset have not had any

. problems.

Paul Duncan 5 June 17, 1696
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5) Comp:
Vendor:
Descript:

Issues:

Paul Duncan

Cryopack Transition Packet - Pressure Control System

High Pressure Relief Valve (80 psig)

Circle Seal (& Macro Technology)

This relief valve is the same design as the aforementioned 40 psig RV’s. It is
used to protect the vaporizer from over pressurization. The most likely
opportunity for this to occur is when the user takes off his mask or regulator.
There will likely be some free flow of air and a large amount of cryogen can flow
into the vaporize/AHX. Then the user closes the donning switch, allow the
cryogen to boiloff and build up pressure. The relief valve is located between the
PCV and the Gas Check Valve. This also serves to relieve this section in the
event that cryogen becomes trapped there.

See the issues described in Item I - Low Pressure Relief Valve for a summary of
the problems. Additional information for this valve is that the frost is not as much
of a problem and it takes longer for the seal wear to affect performance.

6 June 17, 1996



Cryopack Transition Packet - Pressure Control System

6) Comp:  Gas Check Valve

Vendor: Ausco

Descript: This is a cryogen compatible check valve that prevents gas from back flowing
through the PCV should it open when the ullage pressure is higher than the AHX
pressure.

Issues:  We have used a variety of purchased metal-to-metal sea! check valves for this
component. Different vendors have been selected to get valves with reduced
weight and size or desired material for modification. Once we began to use a
purchased component we have not had any problems.

Paul Duncan ' 7 June 17, 1996
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Cryopack Transition Packet - Pressure Control System

7) Comp:  Bypass Check Valve

Vendor: Stewart

Descript: This is a cryogen compatible check valve that bypasses the vaporizer if the
vaporizer check valve were to fail close. It has a high enough cracking pressure
that the pressure drop through the vaporizer will not cause it to open during peak
flows.

Issues:  As with the previous component, we are utilizing a metal-to-metal seal check
valve to provide a vaporizer bypass and it performs acceptably at the cryogenic
temperatures. Different cracking pressures still have to be investigated to
determine effect on system performance.

Paul Duncan | 8 June 17, 1996
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yan STEWART

Stainless Steel Check Valves

L 5 NET—BOTH ENDS

VALVE | CRACKG]|  PART SIZE“s" | HEX'H' | 1" | cv
SIZE | PRESS | NUMBER

2LB 1 A00101-01

4 1018 | A00101-02 1/4-18 58 | 17/8 | .46
3/8 12{-3 233:3;:3; 3/8-18 3/4 21/8 | 1.42
V2 “'3;--,':_3 ﬁgg} gg:g; 1/2-14 78 | 212 1.82
34 2L8 | 4001040 3/4-14 118 | 258 | 6.02

10LB | AD0104-02
218 | AQ0105-D1
10LB | AD0105-02

1-111R 1172 31/8 ) 1280

« COMPACT LENG I'H "« OTHER O-RING MATERIALS
O RING « SPAING LOCADED 2 OR 10 PSI AVAILABLE
- £ « FULL RANGE OF SIZES 1/4 TO 1" IP§ » PRESSURES TO 2500 PS!
POPPET [, | STANLESS STEEL * TEMPERATURES -15°F TO +400°F
VALVES CONSTRUCTION : *« CUSTOM VALVE INQUIRIES INVITED
* VITON O-RINGSE., = STANDARD VITON-TM-DUPONT
- e I ‘
\\\\ o\ ‘“‘?"‘“‘*\
J '*~ -1--—-1 —L FLOW I—-
S SRR
2T - BOTH ENDA
VALVE: SRACKG[ PART 1" fHEX'W[S" NPT [BALL [P [ v
size | PRESS | NUMBER ' SIZE

m 10LB JAQ0031-02 | 121 58 | 14-18 | .250 200 | 56

2LB [ADO0SZ-OT [ T3/a | a7 38-18
38 [MoLB |ADD0a2-02 312 | 250 | .3

2B TADOUSSOY [ 3174 | 778 | 72 13
e 1Ly [ A00033-02 437 335 | 1.49

2113 |A0D034-01 212 ] {18 4 - 14
N 101 B {A00034-02 562 442 | 298

2LE |PO0003501 4 234 [ 138 [ 1-111
! 101 R |AODDAB-02 21 750 530 | 585

BALL |+COMPACT LENGTH ' * EASILY DISASSEMBLED FOR
CHECK | *SPRING LOADED 20R 10 P3| INSPECTION OR CLEANING

LA » FULL RANGE OF SIZES 1/4 TO 1°1P§ « PRESSURES TO 2500 PS|
VALVES | .ALL STAINLESS STEEL CONSTRUCT:ON » TEMPERATURES -20°F TO +650°F

« CTHZR BALL MATERIALS AVAILABLE * CUSTOM VALVE INQUIRIES INVITED

JAECO~STEWART, INC,
23 F.j. Clarke Circle ; Bethel, CT 06801 7 TEL: 1-800-897-6916 / FAX: 203/743-4362




Cryopack Transition Packet - Pressure Control System

8) Comp:  Shutoff Valve

Vendor: Cole Palmer

Descript: The shutoff valve being used is not compatible with the temperature ranges we
expect it to see but it has been used in the prototype because of its low pressure
drop and light weight. It is a plug valve so that once open, the air flow basically
goes straight through a tube, as opposed to using a multi-turn stem valve that has
a higher C,.

Issues:  There has been discussion about removing this valve entirely or replacing it with a
QD. The main problem with this is that as far as [ have been able to determine, _
the donning switches on regulators doe not create a leak tight seal. SCBA’s left
open in trucks by firefighters that have forgotten to close them will slowly drain
there contents. This would create a problem with our boiloff rate requirements
and could also cause the vaporizer to freeze before use.

Req’t: A low pressure drop shutoff valve that can meet the thermal and flow

- requirements is desired. A plug valve type design is appropriate but the potential
for accidental closure with a quarter turn valve would require some sort of locking
mechanism.

Paul Duncan | 9 June 17, 1996



Cryopack Transition Packet - Pressure Control System

9) Comp:  Fill/Drain Valve
Vendor: Macro Technology
Descript: The fill/drain valve is an aluminum toggle valve made by Macro Technology for
- cryogenic service. It is teed off of the liquid line between the bypass check valve

and the inner vessel. During recharge, the vent stays closed and the remaining
liquid air, if any, is drained from the dewar using the pivot mechanism. Then the
vent valve is opened, the fill line connected to the fill/drain valve and the pack is
filled with liquid air. . _

Issues:  This valve has problems similar to those encountered with the 3-way valve where .
the valve can freeze in a fail open position after draining the system. This valve
has not been used as a fill valve yet, but the same problems would be expected.
Macro Technology also manufactures a fill/drain QD. OSS has done preliminary
tests on the component and it seems to work well but it is necessary to put it into
service and cycle it. The component is used on home LOX medical units
successfully.

Paul Duncan 10 June 17, 1996



[ <o)

LI e Lo AL S I vl WYy T, | B8] SRR I O FOONE )

NNV LT Ly Y-S

- IATYA 319004

l|un8-. VLI, - Y

s9|60jou{da) oioepy

b

WOV W G LUETI TN
AN ¥ ST-E0F RIXH dov il MR

- G| ¥ T o wves WOIIVIITaaY on J
o o) !._u-’ AR R0 e/ wuima =T w0 3N typr Liaw | ¥i%0
Omm.ﬂ.ﬁlw mﬂmﬂu m Dd8/ v iy E.—;ﬂ—ﬁﬂilg
Y uidved] W lnsor BOBO f 241 ] gaﬁnaﬁlirmﬂhﬂuﬂ.‘sg

£2

"ROG NLITENS NI W T -

WL -DIdIHCALS NN 19vd ¥3090

alfly  WPyeiw

OHTSNOH HIRTWITTY
1H0d 13UN0 LN TN kT
140d 13NI $laN TIVA3S 61

M- = BT QL M°
A0~ ¥+ = IO Sy
ROH 0T

BBE
:3:3:1
#a
ppa
A38

SNOH I

1007 Sowvd pr— NEEELYd 3NTIMTD “FATVA amwmﬂxu
it | HOILEHEITRR 7 TVHALYN 1 WOLLAININD | ‘o awrd T n1s E RS MEEHON HSYE 3dA1 L¥D4 LTI )
YIEHMN HSYT 3dAX 1¥0d 13UnD
90° 9g' 3ANL SSITIWVS #41 FOOMS _
3000 WRCLYH YOALS
34Nl SSI IS 871 200MS " o5 - T - -, b | e Lvd Sisve
9g- 9g JENL SSTIFVIS F/I #0 ' B ———
ST v 149 NOT TVAEOANT S30RIN 1Svd §3080
0L SSITIV 81 20140
18 w ALdN 3WH3J 8/1 20Ld4 SR SIS 2OE Nid M
be' " S1dN TWH #/1 yOLM HTUN EHSVA 1 v
1@’ w Al IWH 8/1 20LaH mw.“.__.”s pre >_Eu
NOISNIWIG ., | NOISNIAIT o9, | 321S ANV J1ALS [S3EWnN HSvd
1¥0d 1370 | 13o0d 13WI Ly0d 3dAL Ldrd 53 T/ RIS SR ||| SR LU s
. ] 949-E-80 SSVBE R | TS JdI1 HALS
POALS “IATYA INLINI YOALY ‘JATVA IIONY — .uﬁ.: M_H“ .H.Fﬁiﬁ Eeﬁa %ﬂé — .”wu.na _
. VOALS W§3IEWAN 1¥vd POALY RH3EKNN Lavd NDLLJMTHLSNOD 0 SWIN3IVN TUvanNv.is
9.1 OL B20'¢ 13215 320N
i SOKINLINGD '3,002 'MDIVIICHEL ONILYNZD RANIXVA
*404 B DISd 082 TIANSSI ONILVAIALD WNRIXVH
u m ﬂnﬁuﬂg
€6 1304 131 €6 i¥dd LM CUVINVLS ¥ SV COTTATHS S LN Ty Died D B WvoA 20 e Tvie
_ * ST JATWA SDUE  W0AT JHL J0 JdI'd ¥ HITS ONDIG T O ONTHGESG X000 S30IADRNE NS
JEIE 3l NS BOIVEED Tind HL HEAD DNTIV3S AN TNENE FRIATHS ‘W3S s 34
ITHA “EVVIT WIS "WNGLIXE TINGAIND OHDOVd W3S NS INTTOS® ¥ 'SMULTLISG) W L6
IR0 SIATVA HSHID 3HL 0 LSON HOMJ ABIS INNINN STHI SXYEVWSES AKILHS JHDTL qvaa
ol ORI R TV
A ORANTETY FOIAICE By OEBIW RLHDGE EMINE TH  WOEE YL O
YO TR EHRE JNY RLOON MIHLD W 2RI L SO
AR T A A Hr s Tt 1Y ETarOsre S BT
5 " o .!ﬁl_-l‘lnnli ¥ O JEHOUYTI WUAMLNDD ¥ KON D1 Ll
nasavady | wea | mOILANITT | S L RIS STROAE Y BTVR B DM SLMEN WETYS e B




Oceaneering Space Systems AWPS Final Report

Appendix D: Backpack Electronics Information

D-1



LIQUID AIR BACKPACK ELECTRONICS
June 19, 1996

Technical contacts: Andrew Dawson (Project lead) 713-488-9080 Ext. 3205
Bill Robertson 713-488-9080 Ext. 3448
Description

The liquid air backpack electronics is an integrated microcontroller based capacitance gauge, battery
monitor, caution & warning, failure detection, and liquid cooling garment (LCG) pump power
supply circuit. The circuit is designed to operate from a +12V power supply or battery. For
breathing-only backpacks, the LCG pump power supply circuit can be removed without interfering
with the other electronic systems.

The microcontroller allows czmplete flexibility of the electronic design. Changes to the electronic
logic and LED sequences can easily be changed by modifying the software. In the current
Oceaneering Space Systems design, approximately 30% of the programming space and 10% of the
RAM is used on the microcontroller chip (Microchip PIC16C73).

A prototype LED mask display is also provided in this package to provide liquid volume and
electronic failure detect warning to the user. An eight green LED bar graph display is used to display
liquid air volume in 1/8 increments. One red LED, when enabled, signals the user that a failure has
occurred in the electronics package. If a failure occurs, it is intended that a technician will be used
to trouble shoot the problem back at the repair shop.

roni | 129
CAPACITANCE
GAUGE _iD BAR GRAPH DISPLAY

56000000 3

T -

—]

BATTERY
PACK

POWER
j SWITCH ryse T °0
P !
= — —={1GD (EXTERNAL PDWER)

Lo = BUTTON/ TEST
SEALED BOX BATTERY

SERIAL PORT VOLTAGE
CHECK

CIRCUIT
B0ARD J——’
SNOOZE CAPACITANCE
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LIQUID AIR BACKPACK ELECTRONICS - OCEANEERING SPACE SYSTEMS

Electronics Package Features

« Main ON/OFF switch

- Used to turn electronics ON or OFF

- Both the capacitance gauge and LCG pump are toggle ON/OFF

- Switch is in-line between the battery supply and electronics circuit

* LCG pump power supply

- Switch mode voltage regulator design. 90% efficiency is achieved over linear regulator
designs

- Potentiometer (R11) sets pump speed

- Pump typically draws 1 to 1.5 A (about 94% of the total current used)

» Capacitance gauge circuitry

- Capacitance gauge oscillator

- Coax cable voltage driven shield circuit: Prevents capacitance leakage to capacitance
gauge circuit. Ensures that circuit is reading only capacitance gauge capacitance.

-  Capacitance gauge is connected to electronics by two wires. One plate of the capacitance
gauge is connected to the center lead of the coax wire. The other capacitance gauge
plate is grounded to the backpack. A ground wire connects the electronics to the
backpack.

*  Microcontroller ,

- Using Microchip PIC16C73 microcontroller.
~ 4K programming space
- 192 bytes of RAM
-4 A/Ds
- 13 digital I/Os
- Serial input/output
- 3 counters : _

- Alllogic of the electronics board is coded in an assembly language program.

-  Program features:

e LED mask display driver
- 8 green LEDs: Liquid air volume in 1/8 increments
- 1 red LED: Failure detected
» Alarm (triggered at ~20% liquid air volume)
+ Battery monitor and conservation modes:
- Voltage detection
- Voltage display driver (activated by holding snooze button or secondary button)
- Conservation modes:
- Shutdown LCG pump (i.e. <10 V)
- The capacitance gauge circuit and LED display functions as usual. The
liquid volume display will blink alerting the user that the pump has been
shut off. :
- Shutdown LED display (i.e. <8 V)
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LIQUID AIR BACKPACK ELECTRONICS OCEANEERING SPACE SYSTEMS

* Failure detection & warning
- If failure detected, red LED is enabled

- Failures detected:
- Capacitance gauge -
- Break in capacitance gauge wire; Under range display
- Capacitance leak (i.e. human touch): Over range display
- LCG pump
- Broken wire or electronic failure in pump
- High current load (i.e. frozen vaporizer)
+ Filling Station toggle (next program upgrade)
- Detects pack is connected to filling station
- Disables alarm
» Serial output to PC computer (Calibration and data acquisition purposes)
- Capacitance gauge frequency (Need to calibrate capacitance gauge)
- Battery voltage '
* Optional features built in to circuit
- Snooze button: Sleep alarm for 5 min. when alarm is active
- Secondary role: Press and hold to activate battery voltage display
- Nozas:
- Snooze timer cannot be tripped when alarm is off
- Snooze timer cannot be reset when alarm is in sleep mode
- Electronic pressure transducer input (4-20 mA)
- Second push-button switch
- Separate switch for battery voltage display

» Connectors:
- LED mask: 10 pin (8 green LEDs = liquid level, 1 red LED = Failure, ground)
- Capacitance gauge: 4 pin (Coax center, Coax shield, ground, not used)
- Battery: 2 pin (+12V, ground)
- Snooze push-button: 2 pin
- Secondary push-button: 2 pin (not used in prototype)
- Alarm: 2 pin (+V, ground)
- Serial output: 2 pin (Tx = transmitter, ground)
- Pressure transducer: 4 pin (+12V, transducer output, ground, not used)
- Pump circuit power: 2 pin (+12 V, ground)
- Pump circuit power supply output: 2 pin (+V, ground)
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LIQUID AIR BACKPACK ELECTRONICS

OCEANEERING SPACE SYSTEMS

Liquid Air Volume LED Mask Display (8 segment green LEDs)

aver ranct @COOCOO®

i 90000000
778 900000800
v+ Q0000000
N |11 ] 000
e 9OeeOCCO
TN | ] 00000
e Q@@®OCCOO0
=N 0000000
L0 0000000

unDER RancE @O@OOO0O®

* Over range display: Indicates a capacitance leak or added capacitance into the circuit. The
voltage driven shield on the coax wire is designed to prevent this situation. This is a failure
mode check. The red LED (failure detect) is also turned ON.

*  Under range display: Indicates a loss of capacitance. This is caused by a break of either of
the two wires to the capacitance gauge. This is a failure mode check. The red LED (failure

detect) is also turned ON.

* Blinking display: If the pump is turned OFF by the microcontroller to conserve battery
power (see Battery Conservation modes), the liquid volume LED display will blink at about
3 Hz. This alerts the user that the pump has been turned OFF.

Mﬁmﬂ

* Enabled when the user presses and holds the snooze button

* Display sequence (Note: Sequence is mirror of liquid volume display to prevent user

confusion)

v i2s vots 0000000

v > 2 vors O 000009

v 115 vors OO0 00000
AERRVIHeee [ [ I ']

v > 105 vots QOO0 90000

v e vorts OOO000 0 0@

v > 25 voits OLO0O0C e

v 2 9 vouits OOOOCO0O®

cow BaTTERY POWER @CO@@®OO@

* Notes:

- For V <10 V: LCG pump is turhed OFF
- For V <8 V: Display is disabled (Battery power near complete discharge)
-These settings are all software controiled. OSS is investigating preferred operational

settings.
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LIQUID AIR BACKPACK ELECTRONICS OCEANEERING SPACE SYSTEMS

Additional Notes

The microcontroller will require a programmer to assemble and download the object code to the
chip. OSS has been using a programmer by Parallax (916-624-8333):

* Parallax programmer: PC16CXX-PGM (Part #35100)

» Parallax programmer software (Requires DOS based computer):
- Assembler: SPASM EXE
- Programmer: SPEP.EXE
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LIQUID AIR BACKPACK ELECTRONICS

OCEANEERING SPACE SYSTEMS

Parts I ist

tant Gy | FatNo. Description Ez. |PorTotsl! PgRef | Suppiierotes | Pat# 1

(R Privied circut board T 34500 | Sas00| ‘ e :
R A ; H 1 . { 1
Bectrorse Box | | i ! | ; i :
NEERE HW14MND | ABS Fame retadent plashc endosune (Black) | 58] ms| 343 ! i
N HWZE-ND  |ABS Fame retardent plashc endosuns (Blue) =] i I i
i ! HM35-ND  :ABS Fame retardart plastic endosur (Grey) $529( i 1
2| HWSEND i Alumirum cover ‘ 51191 i i
' : : 1
Cimgt Boad | 1 !
L1 V1 PI37-ND 470 )F 16V axa lead dectrdytic capachr 210] 20 24 H
i 2 1 2 | TPSEmND 001 pF 16V tantaum capacir 01| $0H3] 227$1.14 PER 10 ;
{3 1 1 7 PACEND /10 pF 10V raum capeokr $051| $s1| M |
< 4 U1 T TP2048ND 10 F 25V antEum capaoor 12| §i2j 22| !
. 5 i3 PAH05-ND  [1pF 16Vianaumcapacner | %X s N {

6 | 1 P13Z7-ND | 2204 25V soisl bead slectrolytic capacior | .10 S0t 204] ]

7 1 1315°HND [ 150 pF capacicr (Cap gauge range: ~117-157 pF) ! S008] S0061 2428063 per 10 ;
i 1 INSEZICT-ND | TNSE21 Scholtky barier recther $105]  $105] ] I
B ] LTIHOND | T-1 resistior LED (Green) 023 3184 401/$1.88 per 10 i
T T4 remistor LED (Green) i [$15.00 per 100 |
E T-1 resistor LED (Green)

12§ T-1 resisier LED (Green)

13 T-1 resisior LED (Greery) i I
TR T-1 resistor LED (Green) i i i i
15 | : T-1 rexsisicr LED {Groen) i : |
15 | | T-1 resistor LED (Green) : ; ;
(7 T 1 T LTioe5R D |71 remistor LED (Red) i %zn| wA 401 |
T8 2 5161020 | Header 52 Stragt del rowgod soicer tal heeder | 5072 | $1.44 197] Adiect Becirories (Na. 900): 72 position header
EEIE 5161020 [Heecer 2 {Sorme pert siock as above) { X/ s 197]Allied Bectrarscs (Mo, S00): 72 positian header
] 7 5151045  Hemder 2 Straight singe row gold ke tak heacer 015| 1w 1971Aied Blecironics (Mo, 900): 36 posibon header

21 1 5181045  |Hencler 3 (Sarme part siock as above) 02| S0z 1977i Al Blecirorica (N, S00), 35 posiion heoager

= 1 FESMGZ 100 induckr S446| 448 Norvel Bectronics PERM2

=) 1 PNRIG7-ND — |PNP EEC transistr (TO'S2) 08| so18 1423179 per 10

1 1 PNZZZND |NPNEEC transsior (TO-32) 018 5018 142/$1.79 per 10 )
= 1 I29OMIGND | 10K Potertiometer x| 80 269{$28.29 per 10 :
B 6 10KDBKND 110 K resistor 01| 070 252] B of 20

Fij 1 ZXORND |22 Kresisir 0@ 0w 252/ Bl 200

2B | 1 | EXOOWND |52 Kressior wne| e 252 Bex of 200

27 1 100KBKND 190K resisar a2 sam 252 Boxof 200

N | 1T ACEND (47 Kresisr T 252/ Bowef X0

3 ] 1 | 4ATBKND |47 Kresisr I 252{Box of 200

21 1] ZACRKND 122Kresstr T 2521 Bax of 200
PR 1 2ZNOBKND (27 Kreaisr s sl 26%Bacof 200
N R | soaz 252 B of 200 '
SR 140KEKND  [14.0K 1% resistor T snf son| 25315054 per 5 ; i
CX% L1 ] 0HEKND 309K Phresisior $It[ sl 253/$0.54 per 5 | :
31 1] SCIADAND  |0.1cmiWressor $1.0] s1E 255 i :
M 1| LWisal sl Op Aap (B-Dip) 5] a5 2INswark

3 11 NMIBNOSFAND |LMZ805 +5V reguaior 054 054 122}

K CXTIS2ND |2 Mk dock ascillator 408 S408 171

4 1 1 LTI074CY  |LMMOT4CY requiakr 7] WIW Mershell Blectronics (LT 1074CY

a2 1 LMESSCNIND | LVISES tmer sl sast 1

43 1| AICIBCTININD |PIC1673 B-bit microconiroiier (28-pin) (EEPROM) $26580 | $25M0

I PIC1573 8-bt microcontratier (28-pin) (OTF) $18.15 |
M EDSIZE-ND  {25-pin low profile sooet 27 K7 &3]
45 | EDS308-ND  !E-in low profike socket s $1.40 =]
| !

Other | ]

1 1 1 POEND | Prezodednc iz 7% $i%

21 MPE-1080 | Main powar swich (SPST) E=u] wBn 410/Newark MPE-106D

3] 1 61F768 Power switch axp (Type C-23 FED) 50671 3067 410/ Nevark B1F760

4 1 1 i Pre000801  |Snocesr Otio Controls P7 Doms Swich (Nomertry) CEEEED

5 | |

6 i

7

8 1 RGI788A) | Telion Comdd cable (31 @ 50.22M) 086 | 0B 65 Pastemack Enferprises.

g i 1 PEAXD SMC Piug, Gamp Attschment (Fits RG-178 cable) B0 %650 35| Pastermeck Enterprises

0 | 1 PEAZT SMC Jack. Clamp Attachment (Fits RG-178 cable) EIEES 33/Pastermack Endartrises

K 5180173 |Dusd rowminiaich PV Housng (10 o) X ANEKT 243! Allierd Bextronics (No. 956}

12 1 2 5180170 |Dusl ow miriiauch PV Housing (4 pin) 087 .74 243! Allied Bectronics (Mo, 956}
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LIQUID AIR BACKPACK ELECTRONICS

OCEANEERING SPACE SYSTEMS

PC Board Layout:
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LIQUID AIR BACKPACK ELECTRONICS OCEANEERING SPACE SYSTEMS

Attachments

» Electronic parts ID list for circuit components

» Electronic circuit schematic

* Hard copy of PIC16C73 assembly source code

» PC disk containing:
- OrCAD schematic
- OrCAD PC Layout of current electronics board and LED display board
- Assembly language source code for PIC16C73 microcontroller
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Ligquid Air Backpack Electrcnics . Revised:
1896 .
Revisgion:
Bill Of Materials
Item Quantity Reference Part
1 1 C1l 470uF
2 2 C7.0C03 .01uF
3 2 Cs,0C53 10uF
4 4 Ce,C8,C10,C12 1uF
5 1 c9 o 220uF
6 1 C11 150pF
7 1 D1 1NS5B21
8 1 D11 LEDOD
9 1 D12 LED1
10 1 D13 LED2
11 1 D1ls LED3
12 1 DlE LED4
13 i Lle LEDS
14 1 D17 LED6
15 1 D18 LED7
16 i o138 LEDFATIL
17 2 JP1, JRr2% HEADER 5X2
18 2 JP2,JP3 HEADER 2X2
195 7 JP4,5P25,JP6,5P7,JP8,JPY9, HEADER 2
: JP11
20 1 JP10 HERDER 3
21 1 L1 50ul
22 1 Q1 2N2807
23 1 Q2 2N2222
24 1 R1 30.5%k 1%
25 1 R2 14k 1%
26 1 R4 82k
27 1 RS 180k
28 7 Re,R11,R14,R15,R16,R19, 10k
R20
29 1 R7 47k
30 1 R8 4.7k
31 1 RS 2.2k
32 1 R10 2.7k
33 1 R12 R
34 1 E13 22K
35 1 R17 100k
36 1 R1l8 0.1
37 1 U LM158J
38 1 uz2 ILM7805
a9 1 U3 QS8C
.40 1 U4 LT1074CY
41 i us LM555
42 1 Us PIC16C73
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Oceaneering Space Systems AWPS Final Report

Appendix E: Results of Human Testing of AWPS Prototype
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Planned Manned Testing for AWPS Phase I1

Part 1

Testing conducted during Part 1 is intended to compare four possible configurations of LCG’s and target the
cause of observed problems. Possible configurations include the IUOE LCG, a sized patch TUOE LCG, a
shorty IUOE LCG, and a single connection LCG. All tests will be conducted on a common test subject in a
highly controlled setting. Data collected will be utilized to create an optimized LCG.

1. Equipment
a. Backpack
b. LCG’s
I. IUOE garment
ii. “sized patch” IUOE garment
iii. “shorty” JIUOE garment
iv. single connection garment
- 2. Known problems
a. Flow restrictions on LCG caused by equipment interface.
b. Cracking pressure on LCG bypass.
3. Tests
a, Fit (all 4 garments)
i. Range of motion.
ii. Interface locations and overlap areas.
iii. Comfort
iv. Patch and tube location.
b. LCG flow restrictions (all 4 garments) -
1. Restrictions by movement.
1. Restrictions by backpack and harness.
ili. Restrictions by confined space harness.
iv. Restrictions by coveralls.
v. Restrictions by splash suit,
vi. Restriction by combination of i - v.
c. LCG function (all 4 garments)
i. Pressure drop.
1) static
2) typical positions and motions
ii. Heat transfer.
iit. Comfort scale
d. Maximum pressure (representative garment)
i. Garment burst test.
e. LCG bypass function
i, pressure setting
ii. flow
f. Weight
i. Empty
i, Full



Manned Testing Part I Summary

Questions/Issues

Solutions

L. Is a shorty LCG viable?

A shorty version of an IUOE LCG was
compared to an IUOE LCG and the difference
in heat transfer was about a 20-25 watt
decrease. The shorty concept seems viable for
lower work rates or where having less
garment interferences is more important than
the loss in cooling effectiveness.

2. Do we need to size patches proportionately
with the garment?

The sized patch LCG was compared to an
IUOE LCG and the difference in heat transfer
was about 50 watts. However, the garment
was less comfortable. What was previously
considered to be a small/medium patch size is
more appropriate for a large/x-large garment.
Sizing patches is not practical from a
manufacturing standpoint. At this time it is
not recommended that patches be sized. If it
ever becomes necessary to size the patches,
the current size should become a large/x-large
size and the other size sets should be
generated from it.

3. Is a single QD garment feasible? Did the
rearrangement of the coat manifolds have any
benefit?

The single QD garment was fairly successful
although some fine tuning is needed. It does
simplify the garment connection to the
backpack and reduces the amount of external
hoses. It also seems to have helped the
balance of flow/cooling between the coat and
pant. The different flow arrangement helped
boost the coat performance. Overall there was
a 100 watt increase in cooling when
compared to an IUOE LCG. The
rearrangement of the inlet and outlet locations
for the front patches and the manifolds
allowed the garment to bleed more
effectively. By moving the patch outlet to the
top of the patch the airtraps in those patches
were eliminated.




4. Do the garments provide adequate cooling?

The heat transfer ranged from 176 to 312
watts during the treadmill portions of the
tests. Although the work rate was higher, the
KSU data had a heat transfer range of 175 to
400. Based on the Part 1 test results the
cooling capacity of the garments seems to be
in the right range.

5. What are the proper settings for the bypass
and pump cut-off? What is the normal
operating pressure drop across the garment?

The LCG bypass should open at 8-10 psi. The
pump should shut-off at 10 psi. The garment
should never be operated at over 12 psi. The
garment should burst at 22 psi. The operating
range for the garment (over a full range of
motions and positions) is 3-7 psi with an
average of 5 psi.

6. Where is the garment most susceptible to
pinch-offs and restrictions?

The garment is most susceptible at the coat
supply and return tubes. The pant supply and
return tubes are the second worst problem.
The other problems are in the top of the thigh
patch, the bottom of the pant return patch, and
the top of the calf patch.

7. How does using production patches affect
the garment?

Using production patches raises the inflation
pressure. The production patches raised the
weight of the garment due to the fact that
different transition and patch to patch tubing
was used. Due to the increased pressure drop
through the ribs of the patches the headers
tend to overinflate and the patches fill
unevenly. The addition of sealed dots raised
the system pressure drop slightly over
undotted production patches, but it prevents
the overfilling and uneven flow.




8. Is pressure drop testing of individual
patches beneficial? Can it predict the system
pressure drop?

Pressure drop testing of individual patches is
beneficial to compare and rank patch
performance only. The results of an
individual patch test cannot predict the
system pressure drop. It is recommended that
individual patches be tested to narrow the
design possibilities and then system testing be
performed on the best candidates. System
testing is most beneficial in the proper
orientation (on a mannequin) and with the
proper length and type of tubing installed.
Patch system tested does not predict the range
of pressures associated with the wearer
moving and changing positions in the
garment. :

9. How much does a garment weigh?

The current ITUOE LCG weighs about 8.1
pounds full. The optimized L.CG is expected
to weigh about 7 pounds full. The weight
reduction is due to the addition of sealed dots
in the patch header which prevent ballooning
and overfilling.

10. How important is the “fullness™ of the
garment?

There seems to be an optimum fullness for
the garments. When properly filled they are
less susceptible to pinch-offs and flow at a
lower pressure drop. The bleeding of the
garments is important to prevent air locked
patches and dead areas. Dotted patches bleed
and fill better than undotted patches. A fool-
proof method for filling the garments
properly has not been finalized.




11. Does the garment run effectively closed
loop? What happens when the loop is opened
for a period of time?

If a garment is filled on an open loop system,
disconnected with the pump running,
connected to a closed loop system, and then
turned on, it runs closed loop without
problems. If the loop is opened after the
garment is filled, parts of the garment will
drain and parts will overfill. Typically the
coat drains and the pants overfill. When
filling the pressure must be maintained to
prevent the water from draining back into the
bucket. When hooking the garment to the
pack it cannot be partially connected while an
open loop bypass is still connected to the
pack. (i.e. Hooking up the coat while the pack
is running with tubes connected to the pant
QQD’s and flowing into a bucket. That
scenario lets the coat drain into the bucket
and when the pants are connected the total
system volume is low.) A full garment can be
connected to a running closed loop system,
but turning it off first seemed preferable.




To Do List for New LCG’s

Patch improvements

1.
2.

3.

4.

Dot headers.
Leave space in patches for transition tubing to be inserted about 3/4" beyond the
tube sealing edge.

- Refine single QD LCG coat manifold patches and revise for production sealing

dimensions.
Improve the interface between the garment supply and return tubes and the
manifold patches.

Pant improvements

AR S o

7.

Refine single QD pant design.

Change pant pattern to accommodate patch upgrades. 7

Shorten thigh patch to avoid top header pinch-offs and behind knee interference.
Lower calf patch to avoid behind knee interference.

Relocate/redesign pant return patch to aveid pinch-offs.

Build in strain relief along the back tubes between the return patch and the thlgh
and calf patches.

Improve pant to coat QD location and interface with coat.

Coat improvements

R

Refine single QD coat design.

Change coat pattern to accommodate patch upgrades.
Raise garment supply/return tubes to avoid waistbelt.
Lower supply/return tubes to the pant to avoid waistbelt.
Build in strain relief across shoulder blades and sleeves.
Improve coat to pant QD location and interface with pant.



LCG Flow Restriction Test

Test Summarv

Each test consisted of five parts which tested one LCG with several pteces of equipment. The
five parts were: LCG only, LCG and confined space harness, LCG and coveralls, LCG and
splash suit pants and boots, LCG and splash suit pants and boots and backpack. The following
LCG’s were each run through all five parts: [IUOE LCG, IUQE LCG2, Single QD LCG, Shorty
LCG. Flow and pressure drop were recorded over all the standard motions. When alow flow or
high pressure was observed the probable cause was recorded. All tests were run closed loop.

Qbserved Problems

During the first test the water loop was opened to add cold water. This allowed the “fullness” of
the coat and pant to change and subsequently the flow balance changed. On all remaining tests a
heat exchanger was placed in the water bucket to allow the loop to remain closed and keep the
water chilled.

The instrumentation was designed for a garment with separate connections for the coat and pant.
This made the single QD LCG very hard to instrument. The pant instrumentation was connected
inline between the coat and pant. The coat instrumentation was connected to the single supply
and return lines for the entire garment. This set-up included the pressure drop across the pant
instrumentation in the garment pressure drop. It also required extra tubing that had to be looped
around the waist to reach the instrumentation connections. This tubing did not interface well with
the other equipment and possibly caused additional flow problems. This garment was run alone
without the instrumentation in line to verify that it functioned better without the interferences.

The sized patch [UOE LCG was to be used but it developed an unrepairable leak after another
test. A second JUOE LCG was substituted on the basis that interferences and restrictions would
be the same between the two garments.

Results

IUOE LCG
The total flow was fairly stable but the pants consistently flowed higher than the coat. The
pressure drop was the lowest but it also had the lowest percentage of Jasco patches. The
most problematic pinch-offs were associated with the coat supply and return tubes. See
“11/15 Restriction Test™.

IUGE LCG2
The total flow was reasonably stable but slightly low. The shirt flowed better than the pants
this test, probably due to the fact that the pant patches were all Jasco and had a higher
pressure drop but the coat had some 0SS patches, most importantly the supply patch, which
have a lower pressure drop. The total garment had a higher percentage of Jasco patches but
the pressure drop was not significantly higher than the previous IUOE LCG. However, the



flow was lower and theoretically if the flows were matched the pressure drop would be
higher. The restrictions were the same as with the previous [IUOE LCG. See “1/3 Restriction
Test™.

Single QD LCG
The total flow was stable and average. The pressure drop was high and the flow in the pants
was low, probably due to the problems associated with the instrumentation connection. The
supply and return tubes were still the most susceptible to pinch-offs, but they were improved
over the JIUOE LCG’s. See “11/26 Restriction Test”. The garment was rerun without the
instrumentation in line and with the tubes trimmed and connected properly. The flow was
still stable, but the pressure drop was reduced. The pressure drop was still higher than the
IUOE LCG, but the garment has a higher percentage of Jasco patches and an extra set of
QD’s in line. See “12/31 Restriction Test”.

Shorty LCG _
The total flow was stable but a little low. The pressure drop was slightly higher than the
IUOE LCG but at comparable flow rates the pressure drop should be higher. The supply and
return tubes were the most susceptible to pinch-offs. See “12/31 Restriction Test™.

Conclusions

Through all of the tests the garment pressure drop followed the trends observed in the patch
system testing. The more Jasco patches a garment had the higher the pressure drop was. Where
the Jasco patches were located also affected the flow balance between coat and pant. If a pant
was all Jasco patches and the jacket had some OSS patches, the jacket would flow better than the
pant. Also, the make of the manifold patches made more of a difference in the garment than an
individual patch did.

The most problematic pinch-offs were consistent throughout the tests. The supply and return
tubes on the jacket were the biggest problem. These tubes got caught on the waistbelt of the
backpack and the waistline of the splash suit pant. Once these tubes were caught on something or
pushed up they would fold over the patch they supplied and cut off the flow. The pant supply and
return tubes had a similar problem. When they were not situated correctly they rolled the
attached patches up and cut off the flow. The other problem was the return patch on the back of
the pant and the upper header on the thigh patch, When the test subject laid on his back or sat
down the pants flow was reduced or shut down via these patches. The patch headers were not as
severe of a problem as originally thought. If the garment was filled properly the headers were
only marginally susceptible to crimps.

Two kinds of changes in flow and pressure drop were observed. One was a pinch-off somewhere
in the garment, which results in low flow and high pressure, The second was a change in inlet
pressure due to the position or motion of the test subject. This resulted in flow and pressure
fluctuations.



LCG Flow Restriction Test

Test is to determine the restrictions on the LCG caused by other equipment like the backpack
harness, splash suit, etc. The flow and pressure drop is recorded as a set of standard motions is
performed. Each piece of equipment is tested individually with each LCG and a cumulative test
is done last. Any excessively restrictive or unrestrictive equipment may be excluded from the
cumulative test. All tests are performed on the same test subject.

Equipment Needed
Backpack with full harness.

Confined space harness

Coveralls

Splash suit

L.CG’s (required versions)

LCG QD belt with manifold

Backpack style pump and umbilicals

Instrumentation to record flow and pressure drop through jacket and pant
Test subject who fits all LCG’s and can perform the “standard motions”

Standard Motions
1) Lay on back for 20 seconds
2) Lay on stomach for 20 seconds
3) From a standing position:
a) kneel for 20 seconds
b) move to crawling position, crawl for 5 steps
¢) return to kneel, pause
d) stand up
4) From a standing position, do a full squat, pause, stand up. 2 repetitions.
5) From a standing position, sit on an unpadded chair. Remain for 1 minute. Stand up.
6) Touch toes, 3 repetitions.
7) From a standing position, lean back, lean left, lean right, return to upright.

Test 1 (LCG only)
1) Don LCG (full).
2) Don LCG QD belt and umbilicals.
3) Attach instrumentation to QD block.
4) Attach garment to instrumentation.
3) Start garment flowing.
6) Test subject performs the standard motions.
7) When a change in pressure, flow, or pump operations is observed the problem, current
motion or position, and probable cause should be recorded.
8) Repeat for each type of LCG.

Test 2 (LCG and confined space harness)
1) Don LCG (full). _
2) Don confined space harness.



3) Don LCG QD belt and umbilicals.

4) Attach instrumentation to QD block.

5) Attach garment to instrumentation.

6) Start garment flowing.

7) Test subject performs the standard motions.

8) When a change in pressure, flow, or pump operations is observed the problem, current
motion or position, and probable cause should be recorded.

9) Repeat for each type of LCG.

Test 3 (LCG and coveralls)
1) Don LCG (full).
2) Don coveralls.
3) Don LCG QD belt and umbilicals.
4} Attach instrumentation to QD block.
5) Attach garment to instrumentation.
6) Start garment flowing.
7) Test subject performs the standard motions.
8) When a change in pressure, flow, or pump operations is observed the problem, current
motion or position, and probable cause should be recorded.
9) Repeat for each type of LCG.

Test 4 (LCG and splash suit)
1) Don LCG (full).
2) Don splash suit pants.
3) Don LCG QD belt and umbilicals.
4) Attach instrumentation to QD block.
5) Attach garment to instrumentation.
6) Start garment flowing,.
7) Test subject performs the standard motions.
8) When a change in pressure, flow, or pump operations is observed the problem, current
motion or position, and probable cause should be recorded.
9) Repeat for each type of LCG.

Test 5 (LCG and backpack)
1) Don LCG (full).
2) Don backpack and adjust harness.
3) Attach instrumentation to QD block..
4) Attach garment to instrumentation.
5) Start garment flowing.
6) Test subject performs the standard motions.
7) When a change in pressure, flow, or pump operations is observed the problem, current
motion or position, and probable cause should be recorded.
8) Repeat for each type of LCG.

Test 6 (Cumulative)



1) Don LCG (full).
2) Don splash suit pants.

3) Don confined space harness.

4) Don backpack and adjust harness.

5) Attach instrumentation to QD block.

6) Attach garment to instrumentation.

7) Start garment flowing.

8) Test subject performs the standard motions.

9) When a change in pressure, flow, or pump operations is observed the problem, current
motion or position, and probable cause should be recorded

10) Repeat for each type of LCG.



LCG Fit Test

Test is to evaluate the fit, mobility, and comfort of the LCG garment. The garments are evaluated
without any other equipment and are not “running”. All tests are performed on the same test
subject.

Equipment Needed
LCG’s (required versions)

LCG QD belt with manifold and umbilicals
Test subject who fits all LCG’s and can perform the “fit motions”

Fit Motions
1) Reach forward and around as far as possible.
2) Reach back as far as possible.
3) Reach up as far as possible.
4) Squat
5) Kneel, both knees, one knee.
6) Bend forward, bend back, lean side to side.
7) Sit down, lean on back rest. -
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1) Don LCG (full).

2) Answer data sheet questions 1-3.

3) Test subject performs the fit motions. Record the rating after each motion.
4) Don LCG QD belt and umbilicals,

5) Connect LCG to QD block.

6) Disconnect LCG. Record the rating.

7) Doff the LCG.

8) Answer the remaining questions,

9) Repeat for each type of LCG.



LCG Fit Test

Test Summary

Most of the scores for all of the garments were a 3 or 4. The shorty and the single QD LCG were
the best fitting/looking/feeling garments. The test subject commented that the single QD LCG
was noticeably better. The improvement on that particular garment is due to a change to a better
quality fabric.

Observed Problems

Most of the scores below “good” were associated with the sleeve/shoulder tubes when reaching
forward.

Connecting to the QD block is very difficult. Due to both the location of the block and the
logistics of hooking up two sets of QD’s.

During the fit test and the other tests the pants had a tendency to slip down. This is most likely
due to the weight of the pants and the tubes that run up the back of the leg “pulling” down on the
pants.

The sized patch TUOE LCG was not as comfortable as the other garments. The comments were
that it felt like body armor and it was too stiff. The increased amount of patch coverage seems of
decrease the wearer’s comfort.



LCG Function Test

Test is to establish baseline data for the basic functions of various LCG’s. Maximum, minimum,
and average pressure drop is recorded. Heat transfer is determined through the in and out water
temperatures for the suit and a “cool scale” rating assigned by the test subject.

Equipment Needed
LCG’s (required versions)

LCG QD belt with manifold

Chiller

Backpack style pump and umbilicals.

Instrumentation to record flow, pressure drop, water temperature in, and water
temperature out for the jacket and pant.

Test subject who fits all LCG’s and can perform the “standard motions” and exercise.

Standard Motions
1) Lay on back for 20 seconds
2} Lay on stomach for 20 seconds
3) From a standing position:
a) kneel for 20 seconds
b) move to crawling position, crawl for 5 steps
c) return to kneel, pause
d) stand up
4) From a standing position, do a full squat, pause, stand up. 2 repetitions.
5) From a standing position, sit on an unpadded chair. Remain for 1 minute. Stand up.
6) Touch toes, 3 repetitions.
7) From a standing position, lean back, lean left, lean right, return to upright.

Exercise

1) Walk on treadwill at 3 mph, no incline. Duration is 15 minutes.
Test

1) Don LCG (full).

2) Don LCG QD belt.

3) Attach instrumentation to QD block.

4) Attach garment to instrumentation.

5) Start system and data recording.

6) Test subject stands at rest for 3 minutes.

7) Record cool scale rating for resting.

8) Test subject performs the standard motions.
9) Record cool scale rating for standard motions.
10) Test subject performs exercise.

11) Record cool scale rating for exercise.

12) Repeat for each type of LCG.



LCG Function Test

Test Summary

Each test run consisted of the standard motions portion and the treadmill. There were five tests
completed: an IUOE LCG, a second IUOE LCG, a shorty [UOE LCG, a sized patch IUOE LCG,
a single QD LCG. The IUOE LCG configuration was run twice due to a flow problem in the first
test. The exact cause of the lack of flow could not be targeted, but the problem was isolated to
one test. For all tests the inlet temperature was started at 60 deg. F for the motions and the first
10 minutes of treadmill work. During the treadmill work, the temperature was to reduced to
reach 55 deg. I at 15 minutes, 50 deg. F at 30 minutes, and 45 deg. F at 40 minutes. Flow and
pressure drop were recorded and heat transfer was calculated using the inlet and outlet
temperatures. Cool scale ratings were assigned by the test subject and recorded every five
minutes. All tests were run closed loop.

Observed Problems

All of the garments were slightly large for the test subject. Extra elastic bands had to be used to
keep the lower back supply and return tubes from twisting and pinching off the shirt flow. The
sized patch garment was not as comfortable as the others - due to the increased patch coverage.
The instrumentation was unreliable at times (usually the pants pressure transducer). The
configuration to hook up the single QD LCG with the instrumentation in line was difficult and
cumbersome.

Results

IUOCE LCG
The first test with this garment was disregarded in the conclusions because of a low flow
problem. While the test subject was standing still the flow in the pants and coat dropped to
almost zero and was never recovered. The cause of the problem was never determined,
except to theorize that the garment was not properly filled or a tube was severely twisted.
See “11/21 Function Test”.

2nd IUQE LCG
The second test with the garment was more successful. The elastic bands were used to help
keep the supply and return tubes in place. The average flows were the most variable of all
the tests. The heat transfer was acceptable for the work rate. The pressure drops were fairly
low, but varied like the flow rates. The test subject reported average cool scale ratings (5-6).
See “12/8 Function Test”.

Shorty LCG
The shorty LCG showed about 20 - 25 watts less cooling than the full version of the [UOE
LCG. It had a higher but more consistent pressure drop and a more even flow rate. It also
had the highest percentage of Jasco patches. The test subject reported slightly higher cool
scale ratings (5-6) and felt warmer towards the end of the test. See “11/22 Function Test”.
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Sized IUOE LCG
This LCG has patches that have been sized proportionately with the garment size, this gives
the garment more cooling surface area than the regular IUOE LCG. This garment provided
about 50 watts more cooling than the other [UOE LCG. It had a higher flow rate than any
other garment and a very low pressure drop. It was the only garment with 100% 0SS
patches. The test subject reported average cool scale ratings (5). See “11/25 Function Test™.

Single QD LCG
This garment provided about 90 - 100 watts more cooling than the regular IUOE LCG. It fit
better and the patches were better situated on the test subject. The pressure drop was higher
due to more Jasco patches and some instrumentation that was in line between the coat and
pant. The test subject reported slightly better cool scale ratings (4.5 - 5). See “12/11
Function Test”.

Conclusions

The heat transfer at this work rate is in the right range. The treadmill averages ranged from 176
to 312 watts. (Considering that the KSU data ranged from 176 to 400 watts at the same walking
rate but with a backpack and splashsuit.)

The difference in pressure drop between the garments corresponds to the patch system testing
results which showed a higher pressure drop in the Jasco patches. Through all of the function
tests the pressure drop was higher when the percentage of Jasco patches was higher.

The three IUOE LCG’s can be compared because they all have the same flow path and vary only
in surface area and make of patch. The shorty provided less cooling as expected, but not so much
less that it is not a viable option for certain work environments. The sized patch garment did
provide more cooling than the regular version, but not substantiaily more. This garment was also
the only ail OSS patch garment and some of the improvement in heat transfer can be attributed to
better flow. It was less comfortable than the smaller patch version. It does not seem to be
necessary to size the patches, especially considering the manufacturing problems and decreased
comfort associated with it. '

The single QD LCG should be compared to the IUOE LCG because they have similar surface
areas but vary in flow path and fabric. The better heat transfer was most likely due to more
balanced flow through the jacket and pants and better contact with the patches. The fabric used
for this LCG was a higher quality with a higher lycra content than the previous garments.
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LCG QD Bypass Testing

Problem

During certain types of manned test situations the LCG flow becomes constricted which
increases the current draw by the water pump. At a preset current, the electronics shuts the pump
off to conserve the battery power. The assumption is that total water loop constriction is
probably caused by a vaporizer freeze up in the backpack. A by-pass valve is incorporated into
the .CG connection manifold. This by-pass would recirculate water back to the pack, by-
passing the LCG to keep the vaporizer from freezing, if the flow to the LCG were restricted.

This test is designed to determine what spring/spacer combination is needed for the bypass valve
so it opens at the correct pressure.

How it works

1) - The LCG constricts, or other problem causes a pressure rise in the system.
2) The by-pass opens, allowing the water to recirculate back to the pack.
3) If the by-pass does not open, or the restriction is due to the vaporizer freezing, the motor

current increases until the motor shuts down and the user loses cooling.

The following table lists the various pressures expected in the cooling loop:

Action Pressure drop Pressure drop
(assumed) {measured)

normal operation 3 psi 3-6 avg$h

bypass opens 5 psi 8-10

pump shuts off 8 psi 10-12

LCG MAWP 12 psi 12

LCG Burst Press 22 psi 22-25
Equipment:
QD block
2 sets of umbilical instruments (flow meter, dPress, temp infout (not used))
pump - |

water bucket
misc hose & connectors
various size and strength springs

_ spacers to pre-load springs
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Backpack hose

Procedure:

- plug normal backpack connections on manifold block

- connect pump and one instrument set to manifold block

- connect control valve and second instrument set to manifold block

- circulate water through block

- monitor water flow and pressure drop on both “sides” while closing control valve

- note when the manifold bypass appears to open (flow & dP)

- adjust spring and spacer block to set bypass cracking pressure and flow rate to acceptable

limits
crack/max dP Spring number
Spacer | flow 3 4 5 6 7 8 9
length | rate
0 too too
short short
B too 14.5/
short 17
2 122/ 117.2/
14.0 18
3 14/ 24
Results

Initial tests were done using a .25" diameter ball with the two weakest springs and short spacers
between .1" and .3" in length. This resulted in either a cracking pressure too high > 12 psi, or the

bypass being continually open. A weaker spring was quickly looked for in various catalogs and
spring collections in the building. None was found.



A theory was presented that the ball was not presenting enough surface area, so higher pressures
were required to produce the force needed to move the spring. A “poppet” flat ended plug was
substituted for the ball, and spacers added to determine if this was true.

Using the .1" spacer as the poppet, and the .2" spacer to set the length, the bypass would not seal
even with the plug threaded all the way in. Using the .3" spacer to set the length, the bypass
worked correctly with ~.1" of the plug not threaded in. These results indicated that ~.31" of
spacer was needed using the #3 spring. A single poppet was constructed with a flat sealing
surface ~.25" diameter, .31" long, with an alignment pin .175" diameter, ~.5" long, to fit inside
the spring. This configuration allowed the cracking pressure to be adjusted using the threaded
plug. Cracking pressures from 5-15 psi were achieved. The desired cracking pressure of 8 psi is
nicely in the middle of this range. Another poppet was constructed and tested in a second bypass
manifold to conform performance. The second manifold block appeared to be drilled slightly
differently, but there was sufficient adjustment in the threaded plug to achieve the same
performance.



LCG Pump Evaluation

Problem
What is the performance of the LCG pump?

Experiment
Provide a variety of LCG pumps with a constant voltage and varying pressure drop. Measure

current draw and flow rate produced. Graph flow versus current and pressure drop.

These “pump curves” allow comparison of pump performance, prediction of shutoff currents,
and maximum pressure.

Results

The pump taken from IUOE pack #1 (pump 2) flowed at .4 gpm with a pressure drop of ~5 psi at
a current of ~1 A. This conforms to expected pump performance. Other pumps were tested for
comparison. The old Tuthill did not produce as much pressure, but also did not draw as much
current. The new tuthill pumped slightly better (more pressure) with very similar current draw.
The new custom pump performed very badly (low pressure, high current). It was determined that
the motor was wound incorrectly, and the final optimization of the pump head was not complete.
This pump will be re-tested when its modifications are complete.

The current draw graph was used to re-set the pump shutoff in the microcontroller. Also, several
new features were added to help diagnose LCG flow problems. The new pump cutoff program
works as follows: ,

If the current draw by the LCG pump is more than XXX mA, the microcontroller starts a 2
second counter. (to eliminate transients)

If the current draw continues to exceed the limit after the 2 second wait, the red LED will flash,
and a 4 second timer will start.

If the current draw continues to exceed the limit after the 4 second wait (6 sec total) the LED will
remain on (steady), and the pump will shut off.

Pressing the “snooze button” snoozes the low cryo alarm.

Holding down the “snooze button” shows the battery voltage on the LED display.

Holding down the “snooze button” for more than 4 seconds switches the display to a “flow”
indication (8 lights indicates full flow (min current), fewer lights indictes lower flow (higher
current)).

Holding down the “snooze button™ for a total of 9 seconds will restart the pump if it was shut
down. '

The actual values programmed in the microcontroller will be adjusted as parts are finalized and
complete system testing can be accomplished.
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LCG Weight Test
Test Summary

Because the available LCG’s were a mixture of fabric and patch types and had extra tubing from
multiple repairs, a garment weight was calculated using patch sets and an empty fabric garment.
The weighed fabric garment was used as a constant. The only empty fabric garment was an XX-
Large constructed from a heavier weight fabric. Therefore the weight of the empty fabric
garment represents a worst case. The patch sets that were used were glued together in an IUOE
configuration with typical tubing and tubing lengths. A set of unpaired QD’s was included in the
weights. Patch sets were weighed completely empty/dry and full. They were filled by bleeding
and then stabilizing at .4 gpm.

Observed Problems

Garment weight should be minimized. Headers balloon and hold a lot of excess water. If water
weight is reduced the surface area should not be compromised.

Results
Patch Set Empty Patch Set Full
Patch Set Total Coat Pant Total Coat Pant
0SS 4.4 2.2 22
Jasco 3.1 1.6 1.5 58 295 | 2.85
Jasco w/dots 3.1 1.6 1.5 4.7 2.2 -2.5
Garment Empty Garment Full
Garment Tetal Coat Pant Total Coat Pant
0SS 6.7 3.35 3.35
Jasco 5.4 2.75 2.65 8.1 4.1 4
Jasco w/dots 54 275 | 2.65 7 3.35 3.65
Conclusions

The increase in weight from the OSS patches to the Jasco patches is due to a materia} change. In
order to produce the Jasco patches with available materials the connector tubing was changed to



a larger ID. The OD of the tubing in the garment was changed to fit the patches, but the ID was
kept the same. The thicker wall tubing added some weight, but also solved some other material
problems (tube crimps and creases).

The substantial weight reduction from the Jasco to the Jasco with dots is a result of the headers
retaining less water. With the dots the headers cannot balloon and overfill. The dotted patches
retain the surface area of the original design, but reduce the total water weight by 1.1 pounds.



Single Patch Pressure Drop Test

Test Summary

Six variations of a basic (H-style) calf patch were tested. -
1. Original OSS made patch
2. OSS made patch with Jasco number of ribs.
3. Jasco production patch
4. Jasco production patch with dots added to top and bottom headers
5. Jasco production patch with dots added to top, bottom, and center headers
6. Jasco production patch with dots added to all headers

These variations were chosen to target the possible differences between 0SS made patches and
patches made by Jasco. Known discrepancies were the number of flow ribs within the calf
patches and the cross sectional shape of the flow ribs. Due to sealing differences there were
fewer ribs per inch in a Jasco patch and the Jasco ribs were less “open” than the original OSS
patches.

All patches were run from 0 - .4 gpm through a single patch. Typical patch to patch (3/16" ID)
tubing was glued into all connector tubes. Those tubes were hose barbed to a short piece of 3/16"
ID tubing which was glued inside 3/8" ID tubing to connect to a QD. All tests were flowing open
loop.

Observed Problems

Garments with a higher percentage of Jasco patches typically have a higher pressure
drop.Because, the cross sectional shape of the Jasco flow ribs do not form open flow channels,
these patches should require more inflation pressure. At higher pressures the patch headers
overinflate which pinches off and reduces the flow in the ribs. These headers are also susceptible
to pinch-offs and “pulses” in the garment flow. Headers that are not near an outlet tube can be an
“air trap”, which makes the garment hard to bleed.

Results

1. Original OSS made patch
The patch fills evenly (left side first, then right side), the headers need to be pushed to
clear the air, pressure drop is relatively low but it rises with the flow rate.

2. OSS made patch with Jasco number of ribs.
The patch fills less evenly than the #1, the headers also have to be bled, pressure drop
is slightly higher and also rises with the flow rate.

3. Jasco production patch
The patch does not fill evenly, the bottom headers fill and balloon first and then the

ribs flow. The headers have to be bled. The pressure drop is substantially higher than

in the first two patches but it does not rise with the flow in the same way. The graph
suggests that there may be a leveling out effect as the flow rises.



4. Jasco production patch with dots added to top and bottom headers

5. Jasco production patch with dots added to top, bottom, and center headers
Both of these patches fill more evenly than the unmodified Jasco patch but not as well
as the OSS patches. The headers bleed better without help where they are dotted. The
pressure drop is slightly higher than the unmodified Jasco patch and follows a similar
leveling trend. The headers do not balloon where there are dots and the patch feels
lighter and more flexible.

6. Jasco production patch with dots added to all headers
The patch fills evenly like the OSS patches. The headers bleed pretty well and they do
not balloon. This patch feels the lightest and most flexible of all of them. The pressure
drop is the highest of all the patches, but it is not substantially higher than the other
Jasco patches. The pressure drop rises with the flow but shows the same to slightly
more of a leveling effect.

See graph “Single Patch Test 12/6/96".

Conclusions

The Jasco patches showed a higher pressure drop and a different rise in pressure drop over
increasing flow rates. This is due to the difference in inflation pressures required to flow each
type of patch. The OSS patches have open ribs which can handle some amount of flow before
inflating or stretching. So, at a certain flow they require an increasing inflation pressure. The ribs
on the Jasco patches are not open and require some inflation pressure to flow any amount. Once
they are inflated and flowing they can accommodate increasing flow. This is seen in the leveling
off of the pressure drop as the flow increases.

Considering all factors but pressure, the fully dotted Jasco patch is the preferable design. (better
quality, lighter, bleeds, even filling) However the pressure drop is high. Based on the results of
this test, three garment systems will be tested to determine the pressure drop and characteristics
-of an entire system of patches. Heat-sealing variations will be explored to produce a production
patch with more open ribs (highly unlikely). |



Part 1B

Testing conducted during Part 1B is intended to confirm the improved LCG design and the upgrades made to
the bypass and pump electronics. The improved design was based on the Part | test results. Select tests will
be repeated from Part 1 to directly compare the new design to the old. One new variation of the restriction
test has been added to simulate the real water loop and the backpack is used in one of the function tests.

1. Equipment
a. Backpack
b. LCG’s
i. AWPS3 garment (single QD style)
¢. Simulated water loop
1. Backpack pump, QD block with bypass. electronics, etc.
2. Known problems
a. Flow restrictions on LCG caused by equipment interface.
b. Cracking pressure on LCG bypass.
c. Water loop compatibility with LCG
3. Tests
a. Fit ,
i. Range of motion. _
il. Interface locations and overlap areas.
1ii. Comfort
iv. Patch and tube location.
b. L.CG flow restrictions
1. Restrictions by movement.
i1. Restrictions by backpack and harness.
iii. Restrictions by confined space harness.
iv. Restrictions by coveralls.
v. Restrictions by splash suit.
vi. Restriction by combination of i - v.
c. LCG & Water loop compatibility
1. Restrictions by movement.
il. Restrictions by backpack and harness.
1ii. Restrictions by confined space harness.
iv. Restrictions by coveralis.
v. Restrictions by splash suit.
vi. Restriction by combination of i - v. .
d. LCG function
1. Pressure drop.
1) static
2) typical positions and motions
ii. Heat transfer.
iii. Comfort scale
e. LCG and backpack function
1. Pressure drop.
1) static
2) typical positions and motions
it. Heat transfer.
iii. Comfort scale



Manned Testing Part 1B Summary

Questions/Issues

Solutions

1. What was the effect of using all production
(Jasco) patches?

As expected the pressure drop was higher
than an OSS patch or mixed patch garment.
However, the garments withstand a machine
wash and dry without problem.

2. What was the effect of using dotted headers
in the patches?

The dotted headers reduced the water volume
in the garment by preventing the overfilling
of the headers. They also helped bleed the
garments by breaking up the large air
bubbles. The shape of an inflated patch with
dotted headers is not as concave as with
undotted headers, so separate left and right
patches do not have to be made. They did
increase the pressure drop further, but smaller
dots may provide the same benefits and affect
the pressure drop less. Dotted headers are less
susceptible to pinch-offs than the undotted
headers. The dots may have contributed to the
more stable flow and pressure drop during
movement by reducing the wave effect in the
garment. :

3. Is the redesigned garment less susceptible
to pinch-offs and flow/pressure fluctuations?

Yes, the relocation of the inlet and outlet
tubes alleviated the pinch-offs associated with
those tubes. The single QD design simplified
the tube runs to the pack QD block and
reduced the possibility of hang-ups. The pants
are still susceptible to a slight pinch-off when
laying down and sometimes when squatting.
The garment does not pinch-off when sitting
down. Overall, the flow and pressure
fluctuations that are indicative of pinch-offs
are not as extreme as seen before, Also, the
flow and pressure fluctuations that happen
with a change in head pressure are not as
extreme.




4. Does the new garment operate within the
parameters assumed in Part 1?

The garment runs at .4 gpm and about 5.5 to
7.5 psi. The pressure drop is a little higher
than expected, but may drop with smaller dots
and no leaks. (That number includes some of
the extra QD’s and stuff needed to instrument
the garment.) The heat transfer for the work
rate was about what we expected, ranging
from about 160 watts for rest and standard
motion sessions to about 300 watts for
moderate treadmill work.

5. Is the bypass functioning in response to
_garment pinch-offs and extreme fluctuations?

The bypass did function when the pressure
approached 10 psi. It cracked partially at -
about 8 psi and opened fully at about 10 - 12
psi. It did not always fully open during quick
spikes.

6. How does the complete water loop
function?

Only the LCG and bypass were tested. The
pump required external power to provide the
proper flow so power consumption was not
evaluated. The electronics were not installed
for any of the tests so the pump cut-off and
time out features were not tested.




LCG Flow Restriction Test

Test is to determine the restrictions on the LCG caused by other equipment like the backpack
harness, splash suit, etc. The flow and pressure drop is recorded as a set of standard motions is
performed. Each piece of equipment is tested individually with each LCG and a cumulative test
is done last. Any excessively restrictive or unrestrictive equipment may be excluded from the
cumulative test. All tests are performed on the same test subject.

Equipment Needed

Backpack with full harness.

Confined space harness

Coveralls

Splash suit

LCG’s (required versions)

LCG QD belt with manifold

Backpack style pump and umbilicals _
Instrumentation to record flow and pressure drop through jacket and pant
Test subject who fits all LCG’s and can perform the “standard motions™

Standard Motions

Te

Te

1) Lay on back for 20 seconds
2} Lay on stomach for 20 seconds
3) From a standing position:
a) kneel for 20 seconds
b) move to crawling position, crawl for 5 steps
¢) return to kneel, pause
d) stand up
4) From a standing position, do a full squat, pause, stand up. 2 repetitions.
5) From a standing position, sit on an unpadded chair. Remain for 1 minute. Stand up.
6) Touch toes, 3 repetitions. '
7) From a standing position, lean back, lean left, lean right, return to upright.

st I (LCG only)

1) Don LCG (full).

2) Don LCG QD belt and umbilicals.

3) Attach instrumentation to QD block.

4) Attach garment to instrumentation.

5) Start garment flowing.

6) Test subject performs the standard motions.

7) When a change in pressure, flow, or pump operations is observed the problem, current
motion or position, and probable cause should be recorded.

8) Repeat for each type of LCG.

st 2 (LCG and confined space harness)

1) Don LCG (full).
2) Don confined space harness.



3) Don LCG QD belt and umbilicals.

4) Attach instrumentation to QD block.

5) Attach garment to instrumentation.

6) Start garment flowing.

7) Test subject performs the standard motions.

8) When a change in pressure, flow, or pump operations is observed the problem, current
motion or position, and probable cause should be recorded.

9) Repeat for each type of LCG.

Jest 3 (LCG and coveralls)
1) Don LCG (full).
2) Don coveralls.
3) Don LCG QD belt and umbilicals.
4) Attach instrumentation to QD block.
5) Attach garment to instrumentation.
6) Start garment flowing.
7) Test subject performs the standard motions.
8) When a change in pressure. flow, or pump operations is observed the problem, current
motion or position, and probable cause should be recorded.
9) Repeat for each type of LCG.

Iest 4 (LCG and splash suit)
1} Don LCG (full).
2) Don splash suit pants.
3) Don LCG QD belt and umbilicals.
4) Attach instrumentation to QD block.
5) Attach garment to instrumentation.
6) Start garment flowing.
7) Test subject performs the standard motions. _
8) When a change in pressure, flow, or pump operations is observed the problem, current

motion or position, and probable cause should be recorded.
9) Repeat for each type of LCG.

Test 5 (LCG and backpack)
1) Don LCG (full).
2} Don backpack and adjust harness.
3) Attach instrumentation to QD block.
4) Attach garment to instrumentation.
5) Start garment flowing.
6) Test subject performs the standard motions.
7) When a change in pressure, flow, or pump operations is observed the problem, current
motion or position, and probable cause should be recorded.
8) Repeat for each type of LCG.

Test 6 (Cumulative)



1) Don LCG (full).
2) Don splash suit pants.

3) Don confined space harness.

4) Don backpack and adjust harness,

5) Attach instrumentation to QD block.

6) Attach garment to instrumentation.

7) Start garment flowing.

8) Test subject performs the standard motions.

9) When a change in pressure, flow, or pump operations is observed the problem, current
motion or position, and probable cause should be recorded.

10) Repeat for each type of LCG.



LCG Flow Restriction Fest

Test Summary

~The test consisted of five parts which tested one LCG with several pieces of equipment. The five
parts were: LCG only, LCG and confined space harness, .CG and coveralls, LCG and splash suit
pants and boots, LCG and splash suit pants and boots and backpack. The AWPS3, size large and
the 2hr PackC (empty) were used. Flow and pressure drop were recorded over all the standard
motions. When a low flow or high pressure was observed the probable cause was recorded. All
tests were run closed loop.

Observed Problems

When the garment was hooked up initially the water loop had accidentally been left open. This
may have changed the balance of water in the garment. The garment was hooked up to the filling
setup and “topped off” before continuing. The garment had a slow leak in it during the test which
affected its fullness. This caused the flow to drop off during the test and the pressure drop to rise.
The coveralls were a problem because the tubes were passed through the slit in the pocket. This
slit was a little low and cut off the main in/out tubes. For future tests a custom tube slit should be
cut in the coveralls.

Results

The flow slowly dropped off during the test, probably due to the water leak. The lower the flow
dropped the higher the pressure was. Some of the low flows may have been due to the high
pressure causing the bypass to open partially. Although some motions did cause the flow to drop
off, they did not completely kill it the way they did before.

Conclusions

Overall this garment was not as susceptible to the wild fluctuation in flow and pressure. I was
fairly stable, although some motions did affect it. Laying on the back did slow or almost shut the
flow off, but not as severely as before. Sitting down did not stop the flow, in fact the garment
flowed best while sitting down during some of the runs. The confined space harness was not as
much of a hindrance as before. The coveralls were the biggest problem, due to the interference
with the pocket slit.

With the dotted headers the garment was not as susceptible to pinch-offs at the headers and it
was not as susceptible to “waves” in the garment during motions.



LCG Water Loop Compatibility Test

Test is to determine the restrictions on the LCG caused by other equipment like the backpack
harness, splash suit, etc. and how the pump, bypass, and electronics respond to those restrictions.
The flow and pressure drop is recorded as a set of standard motions is performed. Additionally,
observed problems and equipment reactions are recorded. Each piece of equipment is tested
individually with each LCG and a cumulative test is done last. Any excessively restrictive or
unrestrictive equipment may be excluded from the cumulative test. All tests are performed on the
same test subject.

Eguiprhent Needed
Backpack with full harness.

Confined space harness

Coveralls

Splash suit

LCG’s (required versions)

LLCG QD belt with manifold

Backpack style pump, bypass, electronics, and umbilicals
Instrumentation to record flow and pressure drop through jacket and pant
Test subject who fits all LCG’s and can perform the “standard motions”

Standard Motions
1) Lay on back for 20 seconds
2) Lay on stomach for 20 seconds
3) From a standing position:
a) kneel for 20 seconds
b) move to crawling position, crawl for 5 steps
c) return to kneel, pause
d) stand up
4) From a standing position, do a full squat, pause, stand up. 2 repetitions.
5) From a standing position, sit on an unpadded chair. Remain for 1 minute. Stand up.
6) Touch toes, 3 repetitions.
7) From a standing position, lean back, lean left, lean right, return to upright.

Test 1 (LCG only)
1) Don LCG (full).
2) Don LCG QD belt and umbilicals.
3) Attach instrumentation to QD block.
4) Attach garment to instrumentation.
5) Start garment flowing.
6) Test subject performs the standard motions.
7) When a change in pressure, flow, or pump operations is observed the problem, current
motion or position, and probable cause should be recorded.
8) Repeat for each type of LCG.

Test 2 (LCG and confined space harness) -



1) Don LCG (full).

2) Don confined space harness.

3) Don LCG QD belt and umbilicals.

4) Attach instrumentation to QD block.

5) Attach garment to instrumentation.

6) Start garment flowing.

7) Test subject performs the standard motions.

8) When a change in pressure, flow, or pump operations is observed the problem, current
motion or position, and probable cause should be recorded.

9) Repeat for each type of LCG.

Test 3 (LCG and coveralls)
1) Don LCG (full).
2) Don coveralls.
3) Don LCG QD belt and umbilicals.
4) Attach instrumentation to QD block.
5) Attach garment to instrumentation.
6) Start garment flowing.
7) Test subject performs the standard motions.
8) When a change in pressure, flow, or punip operations is observed the probleni, current
motion or position, and probable cause should be recorded.
9) Repeat for each type of LCG.

Test 4 (LLCG and splash suit)
1) Don LCG (full).
2) Don splash suit pants.
3) Don LCG QD belt and umbilicals.
4) Attach instrumentation to QD block.
5) Attach garment to instrumentation.
6) Start garment flowing.
7) Test subject performs the standard motions.
8) When a change in pressure, flow, or pump operations is observed the problem, current
motion or position, and probable cause should be recorded.
9) Repeat for each type of LCG.

Test 5 (LCG and backpack)
1) Don LCG (full).
2) Don backpack and adjust harness.
3) Attach instrumentation to QD block.
4) Attach garment to instrumentation.
5) Start garment flowing.
6) Test subject performs the standard motions.
7) When a change in pressure, flow, or pump operations is observed the problem, current
motion or position, and probable cause should be recorded.
8) Repeat for each type of LCG.



Test 6 (Cumulative)
- 1) Don LCG (full).
2) Don splash suit pants.
3) Don confined space harness.
4) Don backpack and adjust harness.
5) Attach instrumentation to QD block.
6) Attach garment to instrumentation.
7) Start garment flowing.
8) Test subject performs the standard motions.
9) When a change in pressure, flow, or pump operations is observed the problem, current
motion or position, and probable cause should be recorded.
10) Repeat for each type of LCG.



LCG Water Loop Compatibility Test

Test Summary

This test was shortened to include the AWPS3 L.CG and 2hr Pack C only. The standard motions
were performed twice with a stabilize period in between. The pack was empty and was not used
for breathing air. The pump and QD block with a bypass were installed. The electronics were not
used for this test. The pump was drawing a lot of current and was hooked up to external power to
allow the proper amount of flow. Flow and pressure drop were recorded.

Observed Problems

The electronics were not used for this test. The pump output was not sufficient and had to be
hooked to external power for adequate flow. A slow leak in the garment caused slow water loss.
The garment was refilled to compensate. A QD fell off during the second set of motions and
more water was lost. The garment was not refilled after this.

Results

The flow and pressure drop were reasonable, given the problems. The pressure drop was lower
than the test runs with the pump and umbilical configuration. Again, this garment seemed less
prone to dramatic swings in flow and pressure drop.

Conclusions

A lower and more stable pressure drop was achieved due to the fact that the pump was located
relative to the garment and user. Previous tests were conducted with the pump on a table and
umbilicals to the garment. With the pack on, the pump moved relative to the garment. So, less
change in head pressure resulted. Water loss resulted in lower flow and higher pressure as the test
continued. With increased pressure drop the bypass may have been flowing partially which
would result in lower flow through the garment.



LCG Function Test

Test is to establish baseline data for the basic functions of various LCG’s. Maximum, minimum,
and average pressure drop is recorded. Heat transfer is determined through the in and out water
temperatures for the suit and a “cool scale” rating assigned by the test subject.

Equipment Needed
LCG’s (required versions)

LCG QD belt with manifold

Chiller ,

Backpack style pump and umbilical.

Instrumentation to record flow, pressure drop, water temperature in, and water
temperature out for the jacket and pant.

Test subject who fits all LCG’s and can perform the “standard motions” and exercise.

Standard Mgtions
1} Lay on back for 20 seconds
2) Lay on stomach for 20 seconds
3) From a standing position:
a} kneel for 20 seconds
b) move to crawling position, crawl for 5 steps
¢) return to kneel, pause
d) stand up
4) From a standing position, do a full squat, pause, stand up. 2 repetitions.
5) From a standing position, sit on an unpadded chair. Remain for 1 minute. Stand up.
6) Touch toes, 3 repetitions.
7) From a standing position, lean back, lean left, lean right, return to upright.

Exercise . :

1) Walk on treadmill at 3 mph, no incline. Duration is 15 minutes.
Test

1) Don LCG (full).

2) Don LCG QD belt,

3) Attach instrumentation to QD block.

4) Attach garment to instrumentation.

5) Start system and data recording.

6) Test subject stands at rest for 3 minutes.

7) Record cool scale rating for resting.

8) Test subject performs the standard motions.
9) Record cool scale rating for standard motions.
10) Test subject performs exercise.

11) Record cool scale rating for exercise.

12) Repeat for each type of LCG.



]LCG_Function Test

Test Summary

There was only one test run consisting of the standard motions and treadmill work. The garment
was an AWPS3 Large (single QD connection, fully dotted, all Jasco patches). The inlet
temperature was started at 60 deg. F and was turned down after the first ten minutes of treadmill
work. The temperature was further reduced during the test (see data sheets). The garment flow,
pressure dro, inlet temperature, and outlet temperature were recorded. The heat transfer was
calculated using the inlet and outlet temperatures. Cool scale ratings assigned by the test subject
were also recorded. The water flow was always closed loop.

Observed Problems

The garment had a slow leak which caused it to loose water volume. The loss of water resulted in
lower flow and higher pressure drop. The lack of flow may have contributed to the low heat
transfer.

Results

Despite the Ieak and lack of proper water volume or flow the AWPS3 garment performed better
than all the previous garments except the single QD garment. It provided about 40-50 watts less
cooling than the single QD garment and about 50 more watts than the [UOE garments. The
pressure drop was higher than expected, this is at least partially due to the water loss.

Conclusions

The heat transfer for this garment is fairly good at the given work rate. Especially considering
the low flow rate. The pressure drop was the highest so far, but it is the first garment with all
Jasco patches and fully dotted headers. Overall the garment had less flow and pressure
fluctuations than previous designs. See “3/21 Function Test”.



LCG and Backpack Function Test

Test is to establish baseline data for the basic function of an LCG run by the Backpack.
Maximum, minimum, and average pressure drop is recorded. Heat transfer is determined through
the in and out water temperatures for the suit and a “coo! scale” rating assigned by the test
subject. The reaction of the water loop to the LCG fluctuations is observed.

Equipment Needéd

LCG’s (required versions)

Backpack with current pump, bypass, and electronics.
Instrumentation to record flow, pressure drop, water temperature in, and water

temperature out for the jacket and pant.

Test subject who fits all LCG’s and can perform the “standard motions” and exercise.

Standard Motions

1) Lay on back for 20 seconds
2) Lay on stomach for 20 seconds
3) From a standing position:

a) kneel for 20 seconds

b) move to crawling position, craw] for 5 steps

¢) return to kneel, pause
d) stand up

4) From a standing position, do a full squat, pause, stand up. 2 repetitions.
5) From a standing position, sit on an unpadded chair. Remain for 1 minute. Stand up.

6) Touch toes, 3 repetitions.

7) From a standing position, lean back, lean left, lean right, return to upright.

Exercise

Test

1) Walk on treadmill at 3 mph, no incline. Duration is 15 minutes.

1) Don LCG (full).

2) Don backpack.

3) Attach instrumentation to QD block.
4) Attach garment to instrumentation.
5) Start backpack and data recording.

6) Test subject stands at rest for 3 minutes.
7) Record cool scale rating for resting.

8) Test subject performs the standard motions.
9) Record cool scale rating for standard motions.
10) Test subject performs exercise.

11) Record cool scale rating for exercise.

12) Repeat for each type of LCG.



LCG and Backpack Function Test

Test Summary

The test was run with the AWPS3 LCG and Pack D. The test was a full breathing and cooling
test. The test sequence was as follows: standard motions, 20 minute treadmill, rest, invert pack
(from kneeling to a head down position), 20 minute treadmill, rest, invert pack, standard motions.
Flow, pressure drop, LCG inlet temperature, and LCG outlet temperature were recorded. Heat
transfer was calculated using the previous measurements.

Observed Problems

The flow was low throughout the test; it did improve slightly towards the end of the test. Several
factors may have contributed to the low flow including; water loss due to a slow leak in the
garment and a small leak in the pack, additional weight of a full two hour pack putting too much
pressure on the LCG in certain locations, the LCG bypass on Pack D was not fine tuned so it
may have cracked at too low a pressure and flowed partially throughout the test.

Results

The flow was slightly lower than desired, .3 gpm instead of .4 and the pressure was on the high
side of the range. The pressure drop was lower than any other test with the AWPS3 garment. The
heat transfer was decent for the work rate, it averaged about 300 watts for the treadmill portion
and reached about 350 watts towards the end of the treadmill runs. This was a better heat transfer
than with the previous function test. This pump was still not producing the desired output and
had to be run off external power.

Conclusions

The heat transfer, flow rate, and pressure drop were all pretty good for the given work rate and
the technical problems. The response of the bypass to the garment fluctuations is not definite
based on the data. The electronics interface (cut-offs, pump power, etc.) was not evaluated
because it was not installed in this pack.



Planned Manned Testing for AWPS Phase IT

Part 2

Testing conducted during Part 2 is intended to test the performance of the optimized LCG, as
determined in Part 1, and other equipment. Interface issues, accessory locations, and backpack
functions will also be addressed. All tests will be conducted on three common test subjects (three
sizes) in a highly controlled setting. Data collected will be utilized to create an optimized
ensemble and draw conclusions for expected performance levels.

1. Equipment
a. Backpack with harness
¢. Mask/regulator
d. LCG’s
I. AWPS3 LCG (Medium, Large, X-Large)
1. AWPS4 prototype
e. Splash Suit
1. IUOE style
ii. Level B mockup
iii. Level C mockup
f. Accessories
I. Boots
ii. Gloves
iii. Coveralls
2. Known problems/questions
a. Splash suit visor interference and size
b. Glove ring security.
c. LCG bypass and QD
d. Pump efficiency.
e. System pressure drop. :
f. LCG Performance criteria (heat transfer, flow, pressure drop).
g. Cooling effectiveness.
h. Core temperature control.
I. Backpack as a breathing only unit under overgarments
3. Tests
a. Fit (all equipment)
I. Range of motion.
ii. Size to measurement comparison.
iii. Interface locations and overlap areas.
iv. Access to adjustments, switches, QD’s, etc.
v. Location/visibility of electronics display.
vi. Splash suit interfaces
1) mask to visor
2} LCG hoses
3) pack coverage
4) glove ring security



vii. Harness -
1) range of adjustments
2) location on person
3) padding
4) weight balance
b. LCG flow restrictions (optimized garment(s)}
I. Restrictions by backpack.
ii. Restrictions by confined space harness.
iii. Restrictions by coveralls.
iv. Restrictions by splash suit.
v. Restriction by combination of I - iv.
¢. LCG function (optimized garment(s))
1. Pressure drop.
1) static
2) typical positions and motions
ii. Heat transfer.
iii. Comfort scale
d. Obstacle course (ensemble function)
I. Simulate IUOE and/or NIOSH protocol
ii. Evaluate performance
iti. Evaluate user interface/comfort
e. Backpack function '
I. breathing only
l.level B
2. turnouts
ii. breathing & cooling
1.level B
2. turnouts
f. Equipment longevity
ILLLCG
1) machine wash and dry
2) observe wear
3) record failures
ii. Splash suit
1) observe wear
2) record failures
iii. Backpack
1) observe wear
2) record failures
g. Evaluate AWPS prototype
1. LCG function test
ii. abbreviated restriction test



LCG Flow Restriction Test

Test is to determine the restrictions on the LCG caused by other equipment like the backpack
harness, splash suit, etc. The flow and pressure drop is recorded as a set of standard motions is
performed. Each piece of equipment is tested individually with each LCG and a cumulative test
is done last. Any excessively restrictive or unrestrictive equipment may be excluded from the
cumulative test. Each set of tests is performed on the same test subject.

'Eguipmeﬁt Needed
Backpack with full harness.

Confined space harness

Coveralls

Splash suit

LCG’s (required versions)

LCG QD belt with manifold

Pump and umbilicals

Instrumentation to record flow and pressure drop through the garment
Test subject who fits all LCG’s and can perform the “standard motions”

Standard Motions
1) Lay on back for 30 seconds
2) Lay on side for 30 seconds
3) Lay on stomach for 30 seconds
4) From a standing position:
a) kneel for 20 seconds
b) move to crawling position, crawl for 5 steps forward, 5 steps back
¢) return to kneel, pause
d) stand up
5) From a standing position, do a full squat, pause, stand up. 2 repetitions.
6) From a standing position, sit on an unpadded chair. Remain for 1 minute. Stand up.
7) Touch toes, 3 repetitions.
8) From a standing position, lean back, lean left, lean right, return to upright.

Test 1 (LCG only)
1) Don LCG (full).
2) Don LCG QD belt and umbilicals.
3) Attach instrumentation to QD block.
4) Attach garment to instrumentation.
5) Start garment flowing.
6) Test subject performs the standard motions.
7) When a change in pressure, flow, or pump operations is observed the problem, current
motion or position, and probable cause should be recorded.

Test 2 (LCG and confined space harness)
1) Don LCG (full).
2) Don confined space harness.




3) Don LCG QD belt and umbilicals.

4) Attach instrumentation to QD block.

5) Attach garment to instrumentation.

6) Start garment flowing.

7) Test subject performs the standard motions.

8) When a change in pressure, flow, or pump operations is observed the problem, current
motion or position, and probable cause should be recorded.

Test 3 (LCG and coveralls)
1) Don LCG (full).
2} Don coveralls.
3) Don LCG QD belt and umbilicals.
4) Attach instrumentation to QD block.
5) Attach garment to instrumentation.
6) Start garment flowing.
7) Test subject performs the standard motions.
8) When a change in pressure, flow, or pump operations is observed the problem, current
motion or position, and probable cause should be recorded.

Test 4 (LCG and splash suit)
1) Don LCG (full).
2} Don splash suit pants.
3) Don LCG QD belt and umbilicals.
4) Attach instrumentation to QD block.
5) Attach garment to instrumentation.
6) Start garment flowing.
7) Test subject performs the standard motions.
8) When a change in pressure, flow, or pump operations is observed the problem, current
motion or position, and probable cause should be recorded.

Test S (LCG and backpack)
1) Don LCG (full).
2) Don backpack and adjust harness.
3) Attach instrumentation to QD block.
4) Attach garment to instrumentation.
5) Start garment flowing.
6) Test subject performs the standard motions.
7} When a change in pressure, flow, or pump operations is observed the problem, current
motion or position, and probable cause should be recorded.

Test 6 (Cumulative)
1) Don LCG (full).
2) Don splash suit pants.
3) Don confined space harness.
4) Don backpack and adjust harness.



5) Attach instrumentation to QD block.

6) Attach garment to instrumentation.

7) Start garment flowing.

8) Test subject performs the standard motions.

9) When a change in pressure, flow, or pump operations is observed the problem, current
motion or position, and probable cause should be recorded.



LCG Flow Restriction Test

Test Summary

The restriction tests were performed by three test subjects, one medium, one large, and one x-
large. Test three and five were skipped by the medium and the x-large. Test three was determined
to be unnecessary because the coveralls do not affect the L.CG substantially and the coveralls
would have had to be modified to allow for a correct passthrough for the LCG hoses. Test five
seemed redundant with respect to Test six. A scheduling problem made the abbreviation of the
large set of tests necessary. The medium and x-large garments were AWPS3 garments with all
dotted, Jasco patches. The large garment was an AWPS4 mockup with some modified Jasco
patches. All tests were run with the instrumentation set-up and a closed loop umbilical set-up.

Observed Problems

The large garment had a few more slight restrictions than the other garments, probably due to the
fact that the patches were not completely dotted. This was most evident in motions that affected
the pant back patches.

The flow dropped slightly on the medium test run. It was observed that the water loop was
gaining air. This was fixed by tightening and checking all the fittings on the QD block and
instrumentation. :

Extra hoses had to be added to the garment to allow it to be connected to the instrumentation.
This added an extra set of QD’s and loose hoses.

Results

This generation of garments was much more stable than previous generations. There is a constant
fluctuation in flow and pressure, relative to motion. The pressure drop is high, but the accuracy
of this is suspect. The data shows a higher pressure than is typically produced by the tuthill pump
at that power setting and flow. The pressure data also includes additional QD’s in the main
connection. The worst pinch-off is in the tubes leading from the main QD to the LCG jacket.
These tubes either twist against the patches they are connected to or “walk back™ in the garment
causing the patch to stop flowing. This problem was accentuated in these tests by the fact that the
LCG hoses were not short enough to by “tied” to the QD block.



Sheet

Restriction Tests

GPM Psi
AWPS3 Medium . 0.37 7.94
w/CS Harness 0.25 10.9]
w/SS Pants, Boots 0.29 9.8}
w/SS Pants, Boots, CS Harness, Pack 0.31 9.16
AWPS4 Large 0.37 13.3§
w/SS Pants, Boots, CS Harness, Pack 0.35 14.41
AWPS3 X-Large 0.38 8.21
w/CS Harness 0.35 8.51
w/SS Pants, Boots 0.35 9.48
w/SS Pants, Boots, CS Harness, Pack 0.36 9.17
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LCG Function Test

Test is to establish baseline data for the basic function of the LCG. Maximum, minimum, and
average pressure drop is recorded. Heat transfer is determined through the in and out water
temperatures for the suit and a “cool scale” rating assigned by the test subject. Test is run closed
loop.

Equipment Needed
LCG’s (required versions)

LCG QD belt with manifold

Chiller and heat exchanger

Pump and umbilical.

Instrumentation to record flow, pressure drop, water temperature in, and water
temperature out for the garment,

Test subject who fits all LCG’s and can perform the “standard motions” and exercise.

Standard Motions
1) Lay on back for 30 seconds
2) Lay on side for 30 seconds
3) Lay on stomach for 30 seconds
4) From a standing position:
a) kneel for 20 seconds
b) move to crawling position, crawl for 5 steps forward, 5 steps back
c) return to kneel, pause
d) stand up
5) From a standing position, do a full squat, pause, stand up. 2 repetitions.
6) From a standing position, sit on an unpadded chair. Remain for 1 minute. Stand up.
7) Touch toes, 3 repetitions.
8) From a standing position, lean back, lean left, lean right, return to upnght

Exercise

1) Walk on treadmill at 3 mph, no incline. Duration is 40 minutes.
Test .

1) Don LCG (full).

2) Don LCG QD belt.

3) Attach instrumentation and garment to QD block

4) Start garment flowing.

5) Start system and data recording.

6) Test subject stands at rest for 3 minutes.

7) Record cool scale rating for resting.

8) Test subject performs the standard motions.

9) Record cool scale rating for standard motions.

10) Test subject performs exercise.

11) Reduce water temperature as indicated on the data sheet.

12) Record cool scale rating for exercise at intervals listed on the data sheet.



LCG Function Test

Test Summary

The function test was performed by three test subjects, one medium, one large, and one x-large.
The medium and x-large garments were AWPS3 garments with all dotted, Jasco patches. The
large garment was an AWPS4 mockup with some modified Jasco patches. All tests were run with
the instrumentation set-up and a closed loop umbilical set-up. Cooling was provided by creating
a cold water bath with the chiller and running the L.CG loop through a heat exchanger in the bath.

Observed Problems

Extra hoses had to be added to the garment to allow it to be connected to the instrumentation.
This added an extra set of QD’s and loose hoses.

During the large garment test the chiller maintained a constant bath temperature after about 15
minutes into the treadmill portion. As the subject continued to work and produce heat, LCG
water increased in temperature and both the inlet and outlet water temps increased.

Pressure drop data was affected by the “bouncing” of the pressure transducer when the subject
walked on the treadmill. The resulted in some higher than actual readings and abnormal pressure
spikes.

The medium pants were not performing as well as needed, so the large pants were used with the
medium jacket for the medium test. This resulted in better flow but less skin contact on the legs.

Resultsé& Conclusions

Heat transfer was comparable to previous runs with the single connection garment and the [IUOE
style garments. Performance was slightly lower, due to the poor flow in the pants. The large
garment had better pant flow, but was subject to the chiller malfunction. Subjectively the cool
scale ratings were in the 4-6 range. The medium subject was the coolest with ratings of 4 and 5.
The large subject warmed up to a 6 at the end of the test. The x-large subject was a consistent 6
throughout the test.

The large garment run was a good example of what will happen if the cooling bath maintains a
constant temperature while the user continues to produce more heat. The increased heat load
from the LCG increased the outlet water temperature and without increased cooling from the
bath the inlet water temperature also rose. This resulted in a loss of cooling effectiveness. For the
comfort level of the user to remain constant while his heat output increases the inlet water
temperature needs to drop.



Sheet1

Function Tests

_ GPM PsSi Watts
AWPS3 Medium
Motions 0.44 9.94 144
Treadmill 0.43 9.8 219
Overall 0.43 9.92 192
AWPS4 Large
Motions 0.37 12.94 226
Treadmill 0.4 11.17 194
Qverall 0.4 11.38 209}
AWPS3 X-Large .
' Mofions 0.44 9.31 155
Treadmill 0.43 9.06 257
Overall 0.43 9.11 233
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Breathing Only Function Test

Test is to establish baseline data for the basic function of the backpack as a breathing only unit.
The test is run with the backpack worn over turnouts and with it worn under a Level B suit. Pack
performance is monitored by ullage pressure, mask pressure, check valve pressure, AHX outlet
temperature, mask temperature, and mask flow. Core temperature is monitored on the test
subject.

Equipment Needed
Functional backpack with harness
Required outer garments
Instrumentation and data acquisition for pack and core temp
Test subject who fits all equipment and can perform the “standard motions” and exercise.

Standard Motions
1) Lay on back for 2 minutes.
2) Lay on side for 2 minutes.
3) From a standing position:
a) kneel for 20 seconds
b) move to crawling position, crawl for 5 steps forward, 5 steps back
c) return to kneel, pause
d) stand up
4) From a standing position, do a full squat, pause, stand up. 2 repetitions.
5) From a standing position, sit on an unpadded chair. Remain for 1 minute. Stand up.
6) Touch toes, 3 repetitions. : '
7) From a standing position, lean back, lean left, lean right, return to upright.

Inversion
1) Kneel, lean forward with elbows on the ground and head down. Remain for 2 minutes.
2) Take a short deep breath. Pause.
3) Sit up on knees. Remain for 2 minutes.
4) Repeat 1-3. ‘

Exercise :
1) Walk on treadmill at 3 mph, no incline. Duration is 20 minutes.

Test
1) Don backpack and required garments.
2) Attach instrumentation.
3) Start system and data recording.
4) Start breathing on backpack.
5) Test subject stands at rest for 3 minutes.
6) Record cool scale rating for resting.
7) Test subject performs the standard motions.
8) Record cool scale rating for standard motions.



9) Test subject performs exercise.

10) Record cool scale rating for exercise.

11) Test subject performs inversion.

12) Test subject stands at rest for 5 minutes.

13) Repeat steps 7-12 at least twice or up to the duration of the pack.



Breathing Only Function Test

Test Summary

Each test subject, medium, large, and x-large wore the two hour backpack for two test runs. The
first test run was in the OSS level B splashsuit, including boots and hardhat. The second test run
was in a typical firefighter ensemble without boots or gloves. The subjects wore sneakers with
both ensembles to avoid treadmill injuries. Core temp was recorded and the test was stopped if
an increase in temperature more than 1.7 degrees F was observed. The tests were conducted
indoors in an air conditioned lab.

Observed Problems

The pack was venting frequently or constantly and then the relief valves would freeze. The
valves were thawed as much as possible.

It generally took about an hour of use to stabilize the ullage pressure. Most changes were gradual
increases, although there were some slight changes when the user changed position.

Mask temperature rose quickly and was typically between 82 and 85 degrees.

Initial test runs had some quirky readings from the core temp instrumentation. It was discovered
that the computer monitor was interferring and the test area was rearranged.

Results& Conclusions

During the set of tests with the splashsuit ensemble all subjects showed a steady increase in core
temperature. All of those tests were stopped due to the subject reaching the maximum allowed
temperature. The duration ranged from about one hour for the medium to about 1 2 hours for the
large and x-large. The pack delivered sufficient breathing air throughout the test. Some cooling
effect was observed from the pack venting and the AHX frosting inside the suit. Therefore this
was not a true breathing only baseline with respect to cooling.

During the firefighter set of tests all subjects showed a steady increase in core temperature, but
not enough to terminate any tests. The pack was emptied on all test runs with approximate
durations of 1:50, 1:45, and 2:10. The short durations were most likely due to the excess venting
and freezing of the relief valves. Again the valves were thawed as much as possible. The users
received no cooling benefit from the pack venting and frosting. However, this garment
configuration allows for ambient air flow through the sleeve, jacket, and pant hems.

For all test runs the subjective cool scale ratings were in the 5-6 range. In all the tests all of the
subjects were sweat soaked and tired by the end of the test. No one was exhausted or unable to
continue.



Breathing and Cooling Function Test -

Test is to establish baseline data for the basic function of the backpack as a breathing and cooling
unit. The test is run with the backpack and cooling garment worn with turnouts and with them
worn under a Level B suit. Pack performance is monitored by ullage pressure, mask pressure,
check valve pressure, AHX outlet temperature, mask temperature, and mask flow. LCG
performance is monitored by water inlet and outlet temperature, flow, and pressure drop. Core
temperature is monitored on the test subject.

Equipment Needed
Functional backpack with harness

LCG’s (required version)

Required outer garments

Instrumentation and data acquisition for pack, LCG, and core temp

Test subject who fits all equipment and can perform the “standard motions” and exercise.

Standard Motions

1) Lay on back for 2 minutes. .

2) Lay on side for 2 minufes.

3) From a standing position:
a) kneel for 20 seconds
b) move to crawling position, crawl for 5 steps forward 5 steps back
¢) return to kneel, pause
d) stand up

4) From a standing position, do a full Squat pause, stand up. 2 repetitions.

5) From a standing position, sit on an unpadded chair. Remain for 1 minute. Stand up.

6) Touch toes, 3 repetitions.

~ 7) From a standing position, lean back, lean lefi, lean right, return to upright.

Inversion
1) Kneel, lean forward with elbows on the ground and head down. Remain for 2 minutes.
2) Take a short deep breath. Pause.
3) Sit up on knees. Remain for 2 minutes.
4) Repeat 1-3.

Exercise
1) Walk on treadmill at 3 mph, no incline. Duration is 20 minutes.

Test
1) Don backpack and required garments.
2) Attach instrumentation.
3) Start system and data recording.
4) Connect LCG and start breathing on backpack.
5) Test subject stands at rest for 3 minutes.
6) Record cool scale rating for resting.



7) Test subject performs the standard motions.

8) Record cool scale rating for standard motions.

9) Test subject performs exercise.

10) Record cool scale rating for exercise.

11) Test subject performs inversion.

12) Test subject stands at rest for 5 minutes.

13) Repeat steps 7-12 at least twice or up to the duration of the pack.



Breathing and Cooling Function Test

Test Summary

Each test subject, medium, large, and x-large wore the two hour backpack and LCG’s for two test
runs. The medium and x-large LCG’s were AWPS3 style. The large was an AWPS4 mockup.
The first test run was in the OSS level B splashsuit, including boots and hardhat. The second test
run was in a typical firefighter ensemble without boots or gloves. The subjects wore sneakers
with both ensembles to avoid treadmill injuries. Core temp was recorded and the test was

stopped if an increase in temperature more than 1.7 degrees F was observed. The tests were
conducted indoors in an air conditioned lab.

Observed Problems

It generally took about an hour of use to stabilize the ullage pressure. Most changes were gradual
increases, although there were some slight changes when the user changed position. Later tests
showed more of a response in ullage pressure with head down positions.

Mask temperature rose quickly and was typically between 82 and 85 degrees.

LCG hoses were longer than normal to accommodate the added instrumentation. This made
- pinch-offs more likely. It was discovered that the instrumentation itself had a pinch point when it
flipped forward. The solution was to hold it in place during problematic motions.

The medium AWPS3 pants were poor performers.

The pump had a constant water leak. This caused the water volume in the system to decrease and
the air to increase. The flow through the garment gradually decreased and the pressure increased
as the water volume dropped off.

The first test was terminated due to the pack freezing. The water temperatures at the
instrumentation were normal. However, it was discovered that the LCG bypass valve was leaking
so badly that a significant amount of the flow was bypassing back to the pack. So, the LCG flow
was low and little heat was returned to the vaporizer. The bypass valve was disabled for the
remainder of the tests.

During the first three test runs the pack outlet water temperatures stayed somewhat warm. At the
heaviest work the water was typically about 55 degrees, at rest the temperature was typically 70
degrees. The temperatures were responsive to breathing rate.

The pack was filled with a new recharge station and after the liquid check valve was found stuck
closed. The valve was unstuck. The pack was also pumped down to restore a better vacuum.
After these modifications, the water temperatures were colder than typical. They were also
somewhat less responsive to breathing rate than before. LCG was dropping off as described
before, but heat transfers were in the 300-450 watt range during the freezes.



Initial core temp readings were low on each test. This was because the subjects were drinking
water immediately before suiting up. Typical body temperatures for each subject were assumed
as starting temperatures for determining test termination.

One test was terminated due to pain in the subject’s left shoulder. He thought that the pack had
shifted to the left and could not upright it.

Results& Conclusions

Cooling effectiveness was fairly successful. Core temps did rise during harder work periods, but
they also dropped quickly during lower activity. Subjective cool scale ratings were in the 4-5
range most times. After all of the runs the subjects were tired and sweated, but not overheated or
overly exhausted.

With the pack’s tendency to freeze it was difficult to determine what a true 2 hour work cycle
would be like. The pack was emptied on some of the warmer runs. The longest run was 2.5
hours.



Ensemble Fit Test
Test is to evaluate the fit, mobility, and comfort of the AWPS ensemble. The test is run with a
full-up ensemble. Each test set is performed on the same test subject.

Equipment Needed
LCG’s (required versions)

Splash suit including boots, gloves, and hard hat

Functional backpack with harness

Instrumentation and data acquisition

Test subject who fits all LCG’s and can perform the “fit motions” and “obstacle course”.

Fit Motions
1) Reach forward and around as far as possible.
2) Reach back as far as possible.
3) Reach up as far as possible.
4) Squat
5) Kneel, both knees, one knee.
6) Bend forward, bend back, lean side to side.
7) Sit down, lean on back rest.

Test
1) Don ensemble including LCG and mask connections.
2) Answer data sheet questions 1-3.
3) Test subject performs the fit motions. Record the rating after each motion.
4) Test subject performs activity course. (See “Ensemble Function Test™)
5) Answer data sheet question 6.
6) Doff and disconnect the ensemble.
7) Answer data sheet questions 7-8.



Ensemble Fit Test

Test Summary

Prior to the ensemble function test the subjects self-donned the ensemble as much as possible and
performed a range of motions. After the ensemble function test the subjects were asked to doff
the equipment and rate the activity course motions.

Observed Problems ' |
~ The hood was difficult to self donn, mainly clearing the pack.

The LCG QD’s were difficult to connect and disconnect.

The visor was difficult to see through and fell forward obstructing the user’s vision further. In the
sun the material softened and allowed the hood to collapse.

The dimple in the center of the dewar was uncomfortable for some subjects.

The on/off switch for the pack was located on the bottom of the pack and was not recessed.
Sitting down or pulling the suit against the bottom of the pack turned the electronics off.

Resulis& Conclusions

Most motions and activities were rated as a 4.



Ensemble Performance Test

Test is to establish performance of backpack and cooling garment by performing basic tasks
similar to those seen in actual practice. The test is run with the backpack and cooling garment
worn under a Level B suit. The test environment will be harsh in that most tests will be
conducted outdoors during the summer in Houston. Core temperature data will be recorded
throughout course of activity as well as post-test subjective interviews of subjects concerning
functionality and comfort of the ensemble. :

Eguipment Needed
Functional backpack with harness

LCG’s (required version)

Level B Splash Suit Required outer garments

Core temp data acquisition '

Test subject who fits all equipment and can perform the activity course.
Activity Course Materials:

Wheelbarrow Cinder blocks

Box of Sand Barrel

Shovel Chair

Ladder Small Boxes

Small bucket Gear shift simulator
Table

Activity Course
1) Fill wheelbarrow with sand from box using shovel.

2) Push wheelbarrow to ladder.
3) Scoop sand into bucket, climb ladder, and set bucket on top of ladder.
4) Carry cinder block to stack of blocks.
5) Build wall of cinder blocks at least four blocks high.
6) Move barrel to table.
7) Crawl under table.
8) Sit in chair to simulate driving truck.
a) Shift gears using “clutch”, “accelerator”, and “gear shift.”
b) Change lanes using “rearv1ew mirror’ and looking over shoulder.
9) Perform reading test by reading 3 lines of text each of which is a different size. .
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1) Don backpack and required garments.

2) Attach instrumentation.

3) Start system and data recording.

4) Connect LCG and start breathing on backpack.

5) Test subject stands at rest for 3 minutes.

6) Record cool scale rating for resting.

7) Test subject performs the activity course.

8) Record cool scale rating for activity course at finish of each activity.
9) Test subject walks for 5 minutes.



10) Test subject stands at rest for 5 minutes.
11) Repeat steps 7-9 at least twice or up to the duration of the pack.




Ensemble Performance Test

Test Summary

This test was conducted outside (parking lot) during typical August weather in Houston. The
large test subject was changed for this test only, so core temp data cannot be compared to earlier
tests. Each test subject, medium, large, and x-large wore the two hour backpack and LCG’s. The
medium and x-large LCG’s were AWPS3 style. The large was an AWPS4 mockup. The test was
run in the OSS level B splashsuit, including boots, gloves, and hardhat. There was some

" deviation from the test protocol when test subjects attempted to shoot basketball, fit in cars, and
jog in the ensemble.

Observed Problems

25~
Could not fit in aq\_RX-7 with the ensemble on.

The on/off switch for the pack was located on the bottom of the pack and was not recessed.
Sitting down or pulling the suit against the bottom of the pack turned the electronics off. The
pump had to be restarted several times.

Some of the batteries were short lived. They typically lasted 1 to 1.5 hours.

The pack outlet water did not seem very cold. It was later discovered that the liguid check valve
could have been plugged or partially stuck again. The would mean that the pack was in a
breathing only mode and any cooling was from running the water through the vaporizer (without
cryo flow).

Core temps were high and all subjects were too hot and tired to empty the pack.

Head and hands were very hot.




