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Abstract

An on-linegasmonitoringsystemwasdevelopedto replacetheoldersystems

usedto monitorfor cryogenicleakson theSpaceShuttlesbeforelaunch. The

systemusesamassspectrometerto monitormultiple locationsin theprocess,

whichallowsthesystemto monitorall gasconstituentsof interestin anearly

simultaneousmanner.Thesystemis fully redundantandmeetsall requirements

for groundsupportequipment(GSE).This includes ruggedness to withstand

launch on the Mobile Launcher Platform (MLP), ease of operation, and minimal

operator intervention. The system can be fully automated so that an operator is

notified when an unusual situation or fault is detected. User inputs are through

personal computer using mouse and keyboard commands. The graphical user

interface is very intuitive and easy to operate. The system has successfully

supported four launches to date. It is currently being permanently installed as the

primary system monitoring the Space Shuttles during ground processing and

launch operations. Time and cost savings will be substantial over the current

systems when it is fully implemented in the field. Tests were performed to

demonstrate the performance of the system. Low limits-of-detection coupled with

small drift make the system a major enhancement over the current systems.

Though this system is currently optimized for detecting cryogenic leaks, many
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other gas constituents could be monitored using the Hazardous Gas Detection

System (HGDS) 2000.

Key Words: on-line mass spectrometry, real-time monitoring, Space Shuttle, gas

monitoring, leak monitoring, process mass spectrometry
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Introduction

Themainenginesof theSpaceShuttlesusecryogenicfuel (liquid hydrogen-

LH2)andoxidizer(liquid oxygen- LO2). Thefuel andoxidizerarestoredin the

externaltankandfeedto theenginesduringlaunch. To helpensurethatno

hazardousleaksarepresentin theOrbiters,thecryogenicsystemsarethoroughly

leaktestedbeforeeachlaunch.Becauseof the inherenthazardsassociatedwith

largequantitiesof liquid hydrogenandliquid oxygen,the leaktestsareperformed

with helium(He). Thisrequiresthathelium in anair backgroundbemonitored

duringalargeportionof theprelaunchtesting. Resolutionof heliumis in the

rangeof 1partpermillion (ppm). After theexternaltank is filled with the

cryogeniccommodities,the levelsof hydrogen(H2),oxygen(O2),andargon(Ar)

in anitrogenbackgroundaremonitored.A newsystemwasdesignedto monitor

all of thesegases(He,He,N2,O2,andAr) andiscalledtheHazardousGas

DetectionSystems(HGDS)2000a,2

Therearecurrentlyanumberof systemsbeingusedfor eachlaunch. Thetwo that

arethemostcritical arethePrimeHGDSandBackupHGDS. These systems

have proven to be invaluable in helping to ensure safe launches. The systems

have their own sample delivery subsystems, including transport pumps and

selector valves. In addition, both systems use mass spectrometers as the detector.



Thesystemsweredevelopedandinstalledin the 1970's. Sincethentwo

additionalsystemshavebeendeveloped.TheyaretheHydrogenUmbilicalMass

Spectrometer(HUMS)3andPortableAft MassSpectrometer(PAMS)4. The

HUMS andPAMS systemsenabledmonitoringof cryogenicgasesin ahelium

backgroundandtheability to monitorlow levelsof heliumin anair background,

respectively.Thenewon-linemassspectrometerwasdesignedto incorporatethe

requirementsof all existingsystems.

Themajorsystemsusedfor monitoringcryogenicfuel leaksbeforelaunchhave

beenin servicefor over20years.Forthisreasontheoperatorsarestartingto

haveproblemskeepingtheunits in operatingorder. While thesystemsarestill

supportinglaunches,theyarebecomingmoredifficult to keepoperationalfor the

durationof the launch. An additionaloperationalproblemis theageof the

controlelectronics;it isbecomingimpossibleto buy sparesfor manycomponents.

Thecurrentsystemsalsofail to takeadvantageof massspecandhigh-vacuum

technologydevelopmentsoverthepastfew decades.Becauseit is crucialto

continuemonitoringthesegasesin supportof ShuttleOperations,it wasdeemed

thatanewintegratedsystemshouldbedeveloped.

TheHGDS2000hasmanyfeaturesnot incorporatedin thecurrentsystems.The

newsystemusesthelatesthigh-vacuumandmassspectrometrytechnologyfor
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detectingthecomponentsof interest.Advancesin computersandelectronicswill

makemoreinformationavailableto theoperatorsthanwith theoldersystems.In

addition,stepsweretakento ensurethesystemsareeasyto maintainandrepair.

It is alsoexpectedthatthereliabilityof thesystemswill begreatlyincreased.The

newsystemshaveincorporatedredundancyonall majorcomponents.Theonly

partof thesystemthatwill notberedundantis thesamplelinesthat provide

sampletransportfromtheareasof concernto themassspectrometersystem.One

sampleline will feedbothdetectionsystems.All thesystemsusetransportlines

to bringsamplesfrom theOrbiterto themassspectrometer.A depiction of the

transport lines currently in use is shown in Figure 1. Notice that each system can

monitor multiple locations, this method necessities a round-robin approach where

each line is monitored for a set time before cycling to the next in the sequence.

System Design

Experimental

The overall system is composed of two independent detectors capable of

monitoring all of the components of interest (i.e., H2, He, N2, O2, and Ar). In

addition to these five compounds the system has to be easily expanded to include

additional compounds when needed. The system will use one set of sample lines

while all major components will either be redundant or have backup systems
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(referredto in thisdocumentasredundancy).Thisredundancywill helpensure

thesystemwill beoperationalfor thehighestamountof time.

A sketchof theoverall systemis shownin Figure2. Thesystemwill bemadeup

of threeparts- thesampledeliverysubsystem,detectorsubsystem,andcontrol

computersubsystem.This designis newbecauseit is thefirst systemto

incorporatetwo detectorsinto onecompletepackage.Thedesignusesone

transportpumpto continuouslydrawsamplesfrom thepointsof interest.The

detectorsthendrawoff theamountof thesamplethattheyneedfor detection.

This methodletseitherdetectormonitoranysampleline, eventhesameline.

DetectorSubsystem

It wasnecessaryfor thedetectorsto notonly monitorthegasesthatareof current

interest(H2,He,N2,02, Ar) but it is alsoimportantthatthedetectorsystembe

ableto beexpandableto look atadditionalcompounds.This flexibility will help

ensuretheHGDS2000systemwill meetthechangingneedsof thecustomer.

This isextremelyimportantwith thedevelopmentof newspacevehiclessuchas

theVentureStar.



After taking intoaccountall of thefactorsassociatedwith differentdetectors,the

StanfordResearchSystems(SRS)RGA 100wasdeemedthebestcandidatefor

theHGDS2000. It wasfoundthatthequadrupolemassspectrometerbestmeets

all of theneedsfor this application.

TheSRSRGA 100is a singlequadrupolemassspectrometer.Theunit hasan

opensource.Theinlet andhigh-vacuummanifoldweredesignedin-houseduring

thesetestsandincludedtwo orificesfor differential samplepressures.The

controlelectronics,alsocalledthehead,interfacesto apersonalcomputervia an

RS-232serialcommunicationsline. Thecalibrationof theunit is held in

nonvolatilememoryby theheadandautomaticallyreloadsuponpowerup.

Customsoftware(VisualC++)waswritten to controltheoperationof theRGA

100.Theprimaryconcern with writing custom software was the ability to easily

interface to the mass spectrometer. Since the RGA 100 is easily interfaced with,

only a few commands were needed to operate the unit. These commands were the

single mass measurement (MR), noise floor (NF), calibrate all (CA), filament

(FL), and multiplier high voltage (HV). An analog scan was also available but

not used for these tests.



SampleDeliverySubsystem

Thesampledeliverysubsystemis thepartof theunit thatdrawsthesampleto the

detectors.It canbeseenasthecirculatorysystemof theoverall unit. A detailed

drawingof thesampledeliverysubsystemis showninFigure3. Notice that the

final design has included 8 continuously pumped lines and 7 lines that are only

pumped when monitored. In addition, the design includes a primary transport

pump and a backup transport pump. The Transport pump has the capacity to pull

9 standard liters per minute (L/min) down all 8 sample lines simultaneously. The

flow down each sample line can be adjusted by means of vernier valves placed

upstream of the transport pump but downstream of the analyzer.

The samples are transported down the 8 sample lines by the transport pump. A

single line to be monitored is selected using sample valves that allow a portion of

the transport flow to be drawn off to the mass spectrometer subsystem. The

sample pump draws this sample past the inlet of the mass spectrometer. All of the

exhaust ports are tied together and plumbed outside of the rack. The pressure to

the inlet of the mass spectrometer is controlled via a feedback loop between a

mass flow controller and pressure transducer.
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Thedesignalsoincludescalibrationlinesfor nitrogenandheliumbackground

gases.Twoextra linesof each(nitrogenandhelium)areincludedfor future

expansion.

ControlComputer

Theentiresystemis controlledviaaremotecomputeroperatingcustomsoftware

written in VisualC++. The softwareenablestheuserto input all desired

commandsandto monitorthehealthandstatusof thesystem.A local VME

computercontrolsthesystem.Thisunit interfaceswith variouscontrollersin the

systemvia SerialRS-232communications.TheControllerinterfaceswith users

eitherthroughalocal laptopterminalor aremotelylocateddesktopterminal.

TheseconnectionsareEthernet100BaseT.Theusercomputerscommunicate

with the localcontrolcomputerthatcommandsall of thenecessaryvalves,

pumps,andmassspectrometers.Theconnectionbetweenthecomputersis an

independent,fully redundantnetwork.
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ExperimentalDesign

Testswererunto examinetheperformanceof thesystem.Thesetestsexamined

theaccuracy,limits-of-detection,drift, responsetime,andrecoverytimeof the

system.Beforeeachsetof experimentswasrun, themassspectrometerwas

calibratedto giveconcentrationreadingsin ppm.

Calibration

Threecalibrationgaseswereusedto performthecalibrationof theunit. Thegas

concentrationsarelistedin Table1. TheRGA 100wassetupasperthetests

procedurebeforecalibrationof theunit. Theprocedurefor thecalibrationwasto

selectthezerogas,testgas,andthenspangas.Eachgaswasallowedto flush the

sampledeliverysystemfor 5 minutes.After flushing thesystem,theion currents

weremeasuredandtheaverageof 10readingswasrecordedfor the ionsof

interest(i.e.,H2,He,02, andAr). Theslopeandoffsetwerecalculatedusingleast

squaresfit of theZeroandSpangases.Theconcentrationsfor theexperiments

werecalculatedby usingtheslopeandoffset. The calculatedconcentrationfor

thetestgaswasmeasuredduringthecalibrationto ensuretheunit was

functioningproperly.
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Accuracy,Limit-of-Detection

Thesystemwascalibratedprior to thesetests.Thegaseswereintroducedinto the

systemfrom lowestconcentrationto highestconcentration(exceptAt). The gas

wasthenallowedto flush thesystemfor 10minutesbeforemeasuringthe

concentration.Calibrationgaseswith theconcentrationmixtureslistedin Table2

wereusedfor thetests.TheRGA wassetupasfollows: NF=2,SIM=2,4, 32,40

Da,FaradayCup.

Drift

Thesystemwascalibrated;noothercalibrationswereperformedduringthetest.

TheZerogaswascontinuouslyselectedfor 12hours.At theendof the i, 2, 6,

and 12hours,anaverageof 25concentrationreadingswasrecorded.TheTest

gaswasthenselectedfor 5minutes.Theaverageof 25concentrationreadings

wasthenaveragedandrecorded.Zerogaswasthenselecteduntil thenexttime

sequence.

ResponseTimes
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Responsetimesweremeasuredby selectingZerogasandthenselectingTestgas.

Thetimefor theconcentrationreadingto reach95 %of theactualvalueswasthe

responsetime.

RecoveryTime

Recoverytimewasmeasuredby selectingSpangasthenselectingTestgas.The

timerequiredfor theconcentrationreadingto measurewithin 5 %of actualwas

calledtheRecoveryTime.

StabilizationTimeandPressureDeviation

Theprocedurefor thetimestudieswasasfollows:

1) Setbothunits to monitorline 1.

2) Wait until bothhavestablereadings.

3) Changeunit 2 to line 7.

4) Monitor maximumpressureandtimenecessaryfor pressureof unit 1 to

stabilize.

5) Changeunit 2 to line 1.
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6) Monitor maximumpressureandtimenecessaryfor pressureof unit 1 to

stabilize.

ResultsandDiscussion

Theresultsof thetestswereverypositive. TheHGDS2000provedto bevery

stable.Manyof thetestsdid notrequireanewcalibrationto beperformedbefore

running. Theunit wasfoundto beableto becalibratedonceperdaywithout

majordeviations.

AccuracyandLimits-of-Detection

Theresultsof theAccuracyandLimits-of-Detectiontestsarelistedin Table3.

Thetablelists theresultsfor eachof the individual tests.Theaverageand

standarddeviationof thetestsarealsolistedin thetable. Theactual

(manufacturerstated)levelsareincludedfor comparison.Noticethatall of the

valuesfall within 10%of readingexcept100-ppmvalues.Thehigherrorsare

attributedto air andwaterin the lines. Thelinesweretygontubing. It hasbeen

shownthatair andwaterdiffusethroughthetygonmakinglow-levelvalues
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difficult to accuratelymonitor. The25-ppmlineswerestainlesssteel.Thedashes

(-) indicatewherenodatawerecollected.

From theseresultsit is clearthatthesystemcanmonitorlessthan25ppmof

hydrogenandoxygen. However,becauseof thedifficulties in obtainingknown

valuesat lower levels,noexperimentswhererunwith valueslessthan25ppm. In

orderto meetthedetectionlimits for H2an02closeattentionhadto bepaidto

mass-to-chargetuningof the instrument.Whenthepeakheightwastoolarge

(lower limit-of-detection)high-endlinearitysuffered.However,whenthepeak

heightwasdecreasedfor betterlinearitythelimits-of-detectionworsened.This

interaction necessitated tuning, which was not optimal for either case (low-level

detection or high degree of linearity). It was found that with minimal practice the

tuning could be accomplished without any major difficulty. It was deemed worth

the effort of tuning to eliminate the need for the electron multiplier and the

instability associated with it.

Drift

The data obtained for the zero drift are listed in Table 4. The table includes the

data obtained for the tests along with the average and the acceptable drift

15



tolerancesfor eachtest. Noticethattheonly valuesthatareproblematicare

associatedwith Heand02. Again,this is attributedto waterin thesystem.

Noticethatthevaluesall drift downwith time,whichcorrespondsto thewater

concentration.Thedashes(-) indicatewherenodatawerecollected.

Thedataobtainedfor thetestdrift studyarelistedin Table5. Thetableincludes

thedatafor eachtestalongwith theaverages.Notice thatall thevaluesare

extremelysmall.

ResponseTime

Theresponsetimewasmeasuredto belessthan10secondsfor eachcomponent.

RecoveryTime

Therecoverytimewasmeasuredto belessthan20secondsfor He,O2,andAr

whilebeinglessthan2 minutesfor H2. It wasexpectedthattherecoverytime

wouldbegreatestfor H2becauseof thedecreasein compressionratioof the

turbo-dragpumpsfor thelighter gases.Therearetwo ordersof magnitude

differencein thecompressionratiosbetweennitrogenandhydrogen.Stepsare

16



beingtakento help improvetheconductancethroughthehigh-vacuumregionand

thusimprovingtherecoverytimeof hydrogen.

StabilizationTimeandPressureDeviation

Thetimenecessaryfor thesamplepressureto stabilizewhenthesecondunit left

thesameline arelistedin Table6.

Theinformationin Table6 wasrepeated,only thepressureof Unit 2 was

monitored(seeTable7).

Noticefrom Tables6 and7 thatthemaximumstabilizationtimeis 9 seconds.

Thesestudieswererun to determinewhatthemaximumpressuredeviationsare

with line changes.Unit 1washeldconstanton line 1whileUnit 2 waschanged

from line 1to 7 thenbackto line 1. Theresultsarein Table8.

Conclusions

Themassspectrometerwasdeemedto be thebestmethodfor detectionof the

compoundsnecessaryfor theHGDS2000. In addition,scanningmass
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spectrometersenablefutureexpansionof thesystemswith minimal modifications.

Themassspectrometerthatis beingdesignedinto theHGDS2000is theSRS

RGA 100. Thesystemgaveoutstandingperformancein theareasof accuracyand

limits-of-detection.In addition,thesystemwasextremelystableandrequired

minimal calibration.

Thesampledeliverysystemworkedextremelywell. Theresponsetimesfor the

systemarelessthen10secondsaftera line is selected.Minimal effectswereseen

whilemonitoringaline whenthesecondunit is cycledonor off of themonitored

line. Theunit asdesignedhasredundancy/backupcapabilitiesfor all critical

componentsincludingpowersupplies.While thesampledeliverysystemwas

designedasacompletesystem,asinglesidecanbeusedat atime. Thisability

enablestheunit to berun in caseof completefailureof asystem.

TheprototypeHGDS2000hassupportedfour SpaceShuttlelaunchesworking in

parallelwith theoldersystems.A datacomparisonbetweenthenewsystemand

theold systemshasprovenveryfavorable.Modificationsto theMLP's areunder

way for thepermanentinstallationof theHGDS2000to be theprimarylaunch

supportequipmentin thespringof 2002.
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Zero
Test
Span

H2 He 02 Ar
(ppm) (ppm) (ppm) (ppm)

0 0 0 0
500 500 500 100
5000 5000 5000 1000

N2

bal

bal

bal

Table 1. SRS Calibration Gases.
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He N2Bottle H2

1 0 0 Balance

2 25 Balance

3 100 100 Balance'

4 500 500 Balance

Balance

02 Ar

0 0

25

100 500

500 100

5 1000 1000 1000 5000

6 5000 5000 Balance 5000 1000

7 10000 1000 Balance 10000 10000

All data are ppm.

Table 2. SRS Linearity Test Values (ppm).
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H_ O I ,,,

Run 1 21.9 23.0

Run 2 24.2 23.1

Run3 24.0 23.3

Average 23.4 23.1

Sigma 1.25 0.12
Actual 25.0 25.0

A -1.6 -1.9

H_ He , O_ Ar
91.5 79.4 493.6

93.0 78.1 7010 493.4

98.6 102 91.7 427.6

94.4 86.4 80.8 471.5

3.8 13 15.3 38

101 101 96 500

6.6 14.6 -15.2 -28.5

H t He 02 Ar
Run 1 898 947 889 4948

Run 2 1038 1007 929 5130

Run3 1069 1036 931 4421

Average 1001 997 916 4833

Si_rna 91 45 23 368
Actual 1000 1020 972 5000

A 1 -23 -56 -167

H2 He Oz

5074 5121 5087

5029 5163 5021

5052 5142 5054

32 30 47

4923 5056 4965

123 86 89

All data are ppm.

Table 3. Linearity Data.

HI He O_ Ar
494.9 472 456.8 98.1

496.0 473.8 459.4 101.5

521.9 512.0 461.15 101.7

504.3 485.93 459.1 100.4

15.3 22.6 2.2 2.0

503 501 501 101

1.3 -15.1 -41.9 -0.6

mr

1014

1008

1011

4

1000

I1

H7 He O_ Ar

11108 10674 10877 10398
H • •

11064 10748 10804 10719

9909 9333 9612 8509

10694 10251' 10431 9775

680 796 710 1096

10100 9910 9990 10200

594 342 441 -425
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Run H2 He O2 Ar Run H2 He O2 Ar Run H2 He

1 -1.8 -16.2 -2.2 -0.3 1 0.5 3.5 -5.7 -0.6 1 1.8 -15.0

2 1.2 0.0 -4.0 -0.1 2 -2.3 -116 -14.3 -2.1 2 0.4 1.6

3 -2.5 0.8 -13.0 -0.0 3 3 -2.0 [ 1.0

aver -1.0 -5.1 -6.4 -0.2 aver-0.9 0.9 -10.0-1.3 aver 0.0[-4.I

All data are ppm.

Table 4, SRS Zero Drift Data.

02 Ar Run H2 He O2 Ar

8.5 1.8 1 -3.4 0.6 -15.9 -2.1

-7.0-2.3 2

-14.3 -0.3 3

-4.3 -0.3 aver -3.4 0.6 -15.9 -2.1
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3 -7.3 -3.1 3 -7.9 -2.3 3 13.5 23.2 5.0 3.6 3
4 4 4 -6.8 -2.3 4

aver -7.9 -3.8 -9.0 0.6 aver -7.4 0.2 -9.5 1.1 aver -4.3 7.3 -7.4 3.8 aver 1.5 21.5 18.5 4.7

All data are ppm.

Table 5. SRS Test (500 ppm) Drift Data.
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Run Time(s) Time (s)
Line 1-> Line 7 Line 7 -> Line 1

1 6 8
2 7 9
3 6 9

Average 6.33 8.67

Table6. SDSSettleTimesData.

Note: Bothunitsweresetat400Torr andline 1wasselectedfor both. Unit 2
changedlines. Unit 1wasmonitored.
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Run Time(s) Time (s)
Line 1->Line 7 Line 7 -> Line 1

1 8 6
2 7 7
3 8 6

Average "7.67 6.33

Table 7. SDS Maximum Stabilization Time Data.
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Run Press(Ton-) Press(Torr)
Line 1-> 7 Line 7 -> 1

1 20 17
2 2i ...... 17
3 21 17

Average 20.67 17

Table8. SDSMaximumPressureDeviationsData.
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Figure la. Depiction of Transport Line Locations
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Figure lb. Location of HGDS 2000 During Space Shuttle Launch
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Figure 2. Overall Block Diagram of the HGDS 2000.
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Figure 3. Sample Delivery System of the HGDS 2000.
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