
EGG-FSP-lO048

January 1992 ,_.,_
_ t

• .

4PR2 ? 199p

Idaho CRYOGENICSYSTEM OPERATING EXPERIENCEREVIEW
Netionsl FOR FUSION APPLICATIONS

Engineering
Laboratory

, Managed
_, by the U.S.

i', Department L.C. CadwalIader
of Energy

"il

Work performed under
:,,._ DOE Contract

No. DE-A C07- 761D01570

..I)fSTflIBUTIONOFTHISDOCUMENT18UNUMITB]
Io_,, ,

• ',," '-e,¥



This document contains new concepts or the author(s) interpretation of new
calculations and/or measurements; accordingly, EG&G Idaho, Inc.is required bythe
United States Government to include the following disclaimer:

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, expr6_s or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product or process disclosed, or
representsthat its usewou;d not infringe privately ownedrights. References herein ,,
to any specilic commercial product, process, or service by trade name, trademark,
manufacturer, or otherw0,_e, does not necessarily constitute or _mply its
endorsement, recommendation, or favoring by the United States Government orany
agency thereol. The views and opinions oi authors expressed herein do not
necessarily state or rellect those of the United States Government or any agency
thereof.

.................... ,
"_--. ___,,: L_ , --



BGG-FSP--10048

DE92 012509

CRYOGENICSYSTEMOPERATINGEXPERIENCEREVIEWFORFUSIONAPPLICATIONS

L. C. Cadwallader

. PublishedJanuary 1992

Idaho National Engineering Laboratory

EG&GIdaho, Inc.

Idaho Falls, ID 83415.-3523

o

Prepared for the

U.S. Department of Energy

• Idaho OperationsOffice

Under DOE ContractNo. DE-ACO7-761D01570
_

MASTER
DISTRIBUTIONOFTHISDOCUMENTIS UNLIMITED



FOREWORD

This report was funded by the International Thermonuclear Experimental

Reactor research and development task. The report is part of a series of

reports on operating experience compilations from fusion experiments and

" similar technologies, such as particle accelerators, the chemical

industry, and space exploration programs. The first report, EGG-FSP-9977,

- was on magnets. This report is a companion to the magnet report, since

cryogenics are mainly used in fusion research as superconducting magnet

coolant. The next planned report will be on vacuum systems. There are

also two other reports on data analysis of actual tritium componentI

operating experiences, EGG-FSP-8973 (a tritium waste treatment system) and

EGG-FSP-9450 (tritium air monitors). The next planned report for tritium

compenents will be on gloveboxes.
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ABSTRACT

This report presents a review of cryogenic system operating

experiences,from particle accelerator,fusion experiment,space research,

and other applications. Safety relevant operatingexperiencesand

accident informationare discussed. Quantitativeorder-of-magnitude

estimatesof cryogeniccomponentfailure rates and accident initiating

. event frequenciesare presentedfor use in risk assessment,reliability,

and availabilitystudies. Safety concernswith cryogenicsystems are

discussed,includingozone formation,effects of spills, and modeling

spill behavior. This informationshould be useful to fusion system

designersand safety analysts,such as the team working on the

InternationalThermonuclearExperimentalReactordesign.
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EXECUTIVESUMMARY

This report outlines cryogenicsystem operatingexperiencesand

accidentevents for use by Fusion systemdesigners and safety analysts.

Cryogenicliquidsare used for tokamak vacuum systems,neutral beam vacuum

" systems, pellet "injectors,and magnet coolant. Magnet coolant systems are

the largest,with system capacities10's of cubic meters Of liquid helium,

" perhaps up to 80 cubic meters. The cryogenic system,or cryoplant,must

be availablefor magnets to be operable. "Therefore,events callsing

downtime in the cryogenic systemwill affect the entire facility. This

report discussesexisting system operations,operationaldifficulties,

major cryogenicaccidentsthat have occurred,the use of field experience

informationfrom other industriesto quantify componentbehavior,and

presentswhat informationcan be learned from safety work from other
i

industriesthat use cryogens. Learningfrom other industryexperiences

enhances design processesand safety,and insures a higher level of

practicalcompletenessin facilityrisk assessment.

The largestproblems with system operationsare relatedboth to design

and to operations/maintenancepersonnel. The largestdesign problem is

properlycalculatingheat inleakageto the system. This is very difficult

when one considersthat the system may not be constructedexactly as shown

on the drawings. System operationspersonnelfrom severaloperating

facilitiessuggestoversizingthe cryoplant,by 20% to 50%, even up to

100% exce_s capacity,to accountfor variations in heat inleakage. While

additionalcapacity is expensive,the consequencesof not being able to

operate the machine surely outweighthe cryogenic system constructionand

operatingcosts.

The largestoperationsproblem is inleakageof gases into the systems,

causing freeze plugging and heat inleakagethrough the vacuum insulation.

. Building and maintaininga leak-tightsystem is not a trivial matter.

'Cold leaks' have occurred in most systems;that is, systemsthat are

, leak-freeat room temperaturedevelop small leaks when cooled to cryogenic

temperatures. Even if future cryogenicsystems are housed in helium or

nitrogen atmospheres(less neutronactivationthan with an air

atmosphere),inleakagegases will still present heat inleakageand freeze

plugging concerns.
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Cryogenicaccidentshave occurred in space programs,the chemical

industry,and acceleratorresearch. I found one citation of 3 suffocation

fatalitiesfrom a nitrogengas cloud, and one air separationplant event

where five workers nearly suffocatedfrom nitrogen exposure. Significant

releasesof cryogens have occurred in the US, greaterthan 2,000 m3

of liquid oxygen from a space programstorage tank, and releasesup to 120

metric tons of ammonia from chemicalplants. There have been many small

public evacuationsfrom the vicinityof US chemicalplants, with some of

these due to cryogenicgas (liquefiednatural gas, liquefiedpetroleum

gas, ammonia,etc.) releases. Such large releasescannot be overlooked

for future fusion facilities,where severalcubic meters of reserve liquid

helium and liquid nitrogen will be stored for system startupcooldowns and
possiblemagnet quench recoveries.

Large releases of cryogenic fluids pose several concerns. First, the

confinement building may be at risk because of the effects of cold gas

intrusion. The building pressure will drop by several 10's of kPa in a

few minutes, then increase to several 10's of kPa overpressure as the

cryogenic gas warms over the next hour. Therefore, confinement building

seals and penetrationsthat normallyexperienceonly slight underpressures

will be exposed to large pressure variations in relativelyshort time

frames. The next concern is that cryogenicgas releases form a 'pancake

cloud' shape that is characteristicof denser-than-airreleases,and plant

workers are at risk. Also, any radioactiveisotopesentrained in the

cloud (tritium,activatedair, activateddusts, etc.) will produce higher

doses at the site boundary,at least until the cloud warms and disperses -

perhaps in a matter of minutes, unless the release is sustainedover a

long time period. Of course, activatedaerosols may not be entrained in

the cold gas cloud because of plateouton cold surfaces in the building,

but since the fission industryhas not been able to adopt a workable

guidelinefor fission productplateout,it is unlikely that fusion safety

work will be able to do so in the near future. Another effect of a large

release is that the fusion magnetsmay be damaged, either structurallyor

by electric arcing when the cryogenicsystem is breached,allowing cryogen

phase change. The final problemwith large releases is one of public

relations,which may threaten prematureshutdown rather than speedy
repairs.



I have taken cryogenicsystem component failurerates and initiating

event frequencyvalues from the literatureon cryogenicsystems and

reviewed them for applicabilityto fusion systems. The results are given

in the last two chapters of this report,and the failure rates are given

in Table S-I as well as in the text. The most notable difference from

" past practices is in the use of failure rates for cryogenic piping. Past

work has typically used fission reactor derived failure piping rates for

- application to cryogenic piping. This is because the fission industry has

compiled the best data sets. However, cryogenic Piping is designed to be

thin walled to reduce conduction heat transfer down the length of the pipe

from the heat source (in our case, the magnets) to the rest of the

system. Cryogenic piping can be 2 to 4 times thinner walled than fission

reactor piping, and cryogenic piping is never clad with another material.

Using a liquefied natural gas data base, I found that cryogenic piping

failure rates were over a factor of 1000 higher than those for fission

reactor piping. Fortunately, cryogenic piping runs are usually short, so

there should not be too much effect in the risk profile from this

suggested new failure rate. Cryogenic piping is also at risk from

earthquakes, since it is thin walled and may not be able to carry

seismic-induced stresses as well as the thicker walled fission reactor

piping.
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TABLE S-I. SUMMARY OF ORDER-OF-MAGNITUDEFAILURE RATES FOR CRYOGENIC

SYSTEM COMPONENTSAPPLICABLETO FUSION FACILI,,TIES

ComponentDescription F,,ailureRate . Error Factor*

Small reciprocatingcompressor

all failuremodes 3E-O3/hour 10

' Large reciprocatingcompressor

all failuremodes 5E-O5/hour 100

Large turbo-compressor

all failure modes IE-O4/hour 10

Small, dry reciprocatinggas expander

all failuremodes 3E-O4/hour 3

Small, wet reciprocatingexpander

all failuremodes 2E-O4/hour 3

Axial flow turbo-compressor 5E-O5/hour 10

all failuremodes

" Plate and fin heat exchanger

major failures (breach) 6E-O6/hour I00

minor failures (leakage) IE-O5/hour I00

Motor-operated valve (all sizes)

fails to operate on demand IE-O3/demand 3

plugging IE-O4/demand 3

external rupture 6E-O7/hour 5

leak past the seat 3E-O3/hour 5

freezing up in position 6E.O7/hour 100

Air-operatedvalve (all sizes)

fails to operate on demand 3E-O4/demand 3

° plugging IE-O4/demand 3

external rupture 6E-O7/hour 5

leak past the seat 3E-O3/hour 5

* note: The error factor is definedhere as the upper bound/averagevalue
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TABLE S-I. SUMMARY OF ORDER-OF-MAGNITUDEFAILURE RATES FOR CRYOGENIC

SYS.IEMCOMPONENTSAPPLICABLETO FUSION FACILITIES_(Continued)

ComponentDescription ___Failure.Ra.te Error .Fa_to.r

Pressurerelief valve (all sizes)

fail to open on demand IE-O2/demand 5

externalrupture 6E-O7/hour 5 o

prematureopening IE-OS/hour 3

Motor-drivencentrifugalpump (all sizes)

fail to continue to run 3E-O4/hour I00

fail to start on demand 3E-O3/demand 5

fail to run at rated speed 2E-OS/hour 100

external breach failure IE-Og/hour 30

Large cryogenicstorage tank breach IE-O6/year 10

Liquid level sensor

incorrectoutput 2E-O3/hour 2

no output 6E-O4/hour 2 .

erratic indication 4E-OS/hour 2

Pressuretransducer

1ow output 8E-O3/hour 2

high output 7E-O3/hour 2

erratic output 6E-O3/hour 2

external leakage 7E-O4/hour 2

Venturi flow meter, all modes iE-O5/hour 10

Silicon diode temperature detector

all failure modes IE-O5/hou _ 10

Cold cathode vacuum gauge ' -_

all failure modes IE-O7/hour 10

Steel gas cylinder breach IE-O2/year 8
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TABLE S-I, SUMMARYOF ORDER-OF-MAGNITUDEFAILURERATES FOR CRYOGENIC

SYSTEM COMP.ONENTS_APPLICABLETO FUSION FACIL.I..T!ES(Continued)_

ComponentDe_q ........ Fail_re Rate....Error Factor.

Insulated dewar boils dry 3E-O2/year 10
W,

Metal cryostat inner or outer IE-O3/year 4

" shell breach

Concrete cryostat breach iE-O6/year 10

Cryogenicpipe (alldiameters)

breaches 5E-Og/hour-m I00

leakage 6E-10/hour-m 100

Metal bellows breach failure 3E-OS/demand 10

(based on 7000 operatingcycles)

Weld, small leakage failure

Longitudinalweld 6E-O8/hour-m 5

Butt weld 6E-Og/hour-m 5

Circumferentialweld 6E-10/hour-weld 5

Pipe fittingweld IE-O8/hour-fitting 5

Note: gas handlingplant componentfailurerates are given in Table 5-I

Weld multipliers:large leak failurerate is 0.1 x given values,

field weld failurerates should be 3.16 x given values, and

maintenancewelds should be I0 x given values. Weld ruptures

should be IE-02 x the given values. I estimate that small leaks

can range from drops per minute to 5% of pipe flow, or 190 I/min,

whichever is larger. Large 'leakslikely range from 5% up to 50%

, of pipe flow, and ruptures are taken to be 100% of pipe flow.
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CRYOGENICSYSTEM OPERATING EXPERIENCEREVIEW FOR FUSION APPLICATIONS

i. Introduction

This report outlines cryogenicsystem operating experiencesfor use by

" fusion system designersand safety analysts. Cryogenicliquids are used

for tokamak vacuum systems,neutral beam vacuum systems,pellet injectors,

" and magnet coolant. Magnet coolant systems are the largest, using system

capacitiesof 10's of cubic meters of liquid helium. Vacuum systemswill

use much less than that, pellet injectorswill use on the order of

hundredsof liters,and there are likely to be a few radiationdetectors

that will use tens of liters. A simplifiedcryogenic system schematic

diagram for a particle acceleratorfacilitymagnet coolant system is given

for reference in Figure I-I.l'l The cryogenic system, or cryoplant,

must be available for magnets to be operable. Therefore,events causing

downtime in the cryogenicsystem will affect the entire facility. This

report discussesexisting system operations,operationaldifficulties,

major cryogenicaccidentsthat have occurred, the use of field experience
w

informationto quantify system behavior,and presentswhat informationcan

be learned from safety work for other industriesthat use cryogens.
m

Learningfrom experiencesfrom other industrieserlhancesdesign and

safety,and insuresa higher level of practical completenessin facility

risk assessment.

This report is structured in order of: operationsproblems, including

downtimesfor some operationaldifficulties;large scale accidents

involvinglarge releases,fatalities,or major system component

replacement;cryogenic safety concernsthat must be treated for future

fusion facilities;field expeFienceand estimated failure rates for

cryogeniccomponents;and initiatingevent frequenciesfrom fusion and

other industriesthat are applicableto future fusion safety work.

Even though vacuum is employed as an insulationbarrier for heat

. transfer in cryogenicsystems, I have not addressedvacuum pump safety

concerns or reliabilityin this report. In the future, I will write

another report similarto this one, for vacuum systems. That report v_ill

includemechanical pump, turbomolecularpump, and cryopumpoperating

experiences,and vacuum safety concerns.



Note' FI stands for flow indicator

HX stands for heat exchanger

JT stands for Joule-Thompson expansion valve

LN2 stands for liquid nitrogen

(figure taken from reference 1-I)

Figure 1-I. Liquid helium system schematic diagram.
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2. Cryogenic System Operating Experiences

This chapter contains discussions of cryogenic system operating

experiences from fusion experiments and superconducting magnet systems,

such as: superconducting magnet energy storage (SMES) systems, medical

, technology, and cryogenic magnetohydrodynamic (MHD) devices.

. 2.1 Chapter Summary

In general, most cryogenic systems have experienced small cryogen

leaks to the atmosphere or the building, and air leakage into the system.

Condensation from water vapor in the air and even the freezing of nitrogen

and oxygen from air' onto cold piping has been an operations concern.

Cryogenic components, such as pumps and valves, have failed and week-long

shutdowns for entry into cold boxe. have been necessary for several of the

systems discussed here. Impurity g_ses and pump/compressor lubricating

oils in the system have hampered proper operations. The Tokamak Fusion

Test Reactor (TFTR), Tore Supra tokamak, and TEVATRONaccelerator

experiences are among the most insightful discussed here. The operating

experience literature recommends extra system cooling capacity, from 20%

. to 50% and up to values as high as 100%, to negate problems _th heat

inleakage in as-built systems. Heat inleakage is difficult to calculate,

especially after the inevitable variations introduced in the construction

phase. In this chapter, I discuss some cryoganic system experiences from

fusion, particle accelerators, medical technology superconducting magnets,

and a superconducting magnetic energy storage (SMES) unit. Large

accidents involving cryogens are discussed in the next chapter.

2.2 Fusion Cryogenic System Operations

Fusion operating experiences are widely varied. Some systems have

worked well and others have been a continual source of operational

problems. This section contains discussions of several fusion experiment

experiences with cryogenic systems, including the Large Coil Task (LCT),

Tore Supra, and the Tokamak Fusion Test Reactor (TFTR).
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2.2.1 Large Coil 'TaskExperiences. lypical problems with cryogenic

systemshave been found at the Large Coil Task (LCT) experimentat Oak

Ridge NationalLaboratory (ORNL),which was used to test helium super-

conductingtoroidal field magnet coil concepts for fusion applications.

Designersstated that the helium refrigeratorsystem was initially

undersized,mainly due to economicreasons. The refrigeratorcould not

supply enough liquid helium to meet the demand during some phases of
D

operation, such as the high-current multi-coil tests, where the forced

helium boiloff exceeded the cryoplant's rate of production. An

accumulator storage tank and two small satellite systems were added to

help reduce the impacts of these high demand operations. The system was

accepted with this marginal cooling capability, but it presented problems

throughout the life of the project. 2I The undersized unit also led

to operational delays, such as long times for cooling the magnets, usually

on the order of one to two days, such as when electrical power was lost to

the helium cooling system. Other difficulties caused even longer recovery
times.

The LCT also uncovered several other issues related to cryogenic

cooling systems, Several of tile magnet coils had difficulty with helium

leaks into the insulating vacuum jackets and air leaks into the system

heat exchangers. To solve the helium leak problem 'into the liquid helium

(LHe) dewar storage vacuum jackets, vacuum pumps were set up to

continuously pump down the vacuum region. On one occasion, a mechanical

pump stopped, and valving failed to prevent air flow into the vacuum

jacket. The enhanced heat transfer from gas in the jacket boiled the

dewar dry. Five days of repairs to the dewar consisted of repairing the

pump, warming the dewar, and evacuating the vacuum jacket. In the time

span of these repairs, the magnets warmed up to about 50 K and had to be

recooled to continue operations. 2-2 Future fusion experiments will

probably be housed with nitrogen or helium atmospheres, rather than air,

to limit neutron activation of the atmospheric gas and also to reduce

chemical reaction concerns (such as graphite fires). These inert

atmospheres also mitigate effects of electrical fires. Nonetheless, any "

warm (295 K) atmospheric gas inleakage would still present a problem of
increased cryogenic system heat transfer.
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An LCT cold box heat exchangerplugged up shortlyafter operation

began, due to air freezing in the cold heat exchanger. The air leakage

into the heat exchangerwas found to be througha faulty burst

disk.__ The heat exchangerhad to be replacedbecause of

mechanicaldamage from the volume expansionof the frozen gases._3

q

Air leakage,or contamination,into the LCT system allowed nitrogen

. and oxygen to freeze in the helium channels,accumulatingup to tens of

kilograms,especiallyfor the pool boiling magnets.2-I Air does not

even have to leak into the machine to cause difficulties. Superconducting

TokamakT-7 experiencesshowed that ice buildupfrom atmospherichumidity

onto the liquid nitrogen temperaturevacuum vessel flanges caused extra

stresses that led to small amounts of flange separationand consequently,

air leakage into the piping. Thermal insulationwas recommendedto serve

as a barrier against ice infiltration.2-4 Water vapor condensation

building up to form ice has been an operationsproblem for many cryogenic

systems. A liquid nitrogenfeedthroughtube, passingthrough a larger

pipe in the insulationof a chamber, suffereda rupturedue to ice

, buildup. Water vapor condensed on the outside of the liquid nitrogen

tube, between the tube and the larger insulation pipe passageway. The ice

. built up to tile point where the tube was compressed by the pressure of the

annulus of ice around it. The liquid nitrogen flowing through the tube

built up pressure at this constriction and caused the tube to

rupture. _-s Ideas to prevent this sort of event are to invert the

insulation pipe, so moisture does not collect there, flush the annular

area with dry gas to purge the moisture, or plug the opening with a

sealant such as silicone. These fixes should be performed prior to high

neutron flux operation.

2.2.2 T-15 Experiences. Heat leakage into a cryogenic system is

difficult to calculate, so extra cooling capability must be designed for

in fusion cryogenic systems. Accelerator experience tells us that

refrigeration plant output is reasonably specific, but heat loads and the

execution of design details about heat loads during construction have a

greater chance for error. _6 Another superconducting experiment,

Tokamak T-15, experience shows this fact, since the heat flows from tile

pipelines into the magnet cases, also coupled with the problem that the
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liquefiers were not able to deliver rated capacity, prevented the machine

from reaching lower than 12 to 8 K. 2"/ The design value for magnet

temperature was 4,5 K. Even at 30 metric tons/hour flow rate through the

tokamak, with one helium liquefier unit. irl the liquefying mode and one in

the refrigerating mode, lower temperatures could not initially be reached, J

2,2,3, Tore Supra Experiences. l'he superconducLlng tokamal¢ Tore Supra
m

has also had some difficulties with the magnet cryogenic cooling

system, _-8 ._omeof Tore Supra_s detrimental early experiences were

excessive liquid helium consumption at rated temperature, reduced thermal

shield effectiveness from expected design values, air inleakage through

the safety relief valves, and water inleakage from compressor heat

, exchangers.

The Tore Supra cryogenic system has had later difficulties as

well.2-9 Over a time period of six months in tile third year of

operation, there were 18 machine outages due to faults in the magnet

liquid helium cooling system, for a total downtime of 41 hours, This is

an improvement over initial operations, because for the first two years of

operation, the cryogenic system averaged one operational day (11 hours) of

downtime per month, or 66 hours per half year. Past problems with the

system included contaminants in the cold box, a ball bearing failure on

one of' the screw compressor motors, and clogged liquid helium filters,

For a six month period that was closely surveyed, the general problems

were in these areas'

Components (valves, gauges, etc,) 9 failures for 25 outage hours

Computer control faults 3 failures for 8 outage hours

Analyzers (oxygen monitors, etc.) 3 failures for 3 outage hours

Power outages 2 failures for 4 outage hours

Clogginqs (filters, etc,) i failure lcr I outage hour

Engines (compressors_ pumps, etc,) 0 failures for 0 outage hours

LJt,ilities (cooling water, etc.) 0 failures for' 0 outage hours

The paper also noted that summer thunderstorms, which have a tendency to

cause losses of offsite power, added to the cryogenic syste,l utilities'

power outage downtime. The lat,ter 6 months of the operating year at
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Tore Supra showed no cryogenicsystem problems that prec'ludednormal

facility operations. The staff attributedthis increase in cryogenic

system availabilityto more efficientpreventivemaintenancepractices

that were implementedafter closer system scrutiny,29

' 2.2.4 TFTR Experiences. The TokamakFusion Test Reactor (TFTR)uses a

1-kW refrigerationcapacity liquid helium system for their neutral beam

- injector cryopane]s. Two years (11,000hours) of operationsexperience

with this systen has shown that there have been several types of

problems. The system is built with redundancy in mind, such as a third

helium compressor,several storagetanks for liquid helium, and a variety

of redundantsensors. Startupproblems includedelectricalcontrol

problems,compressoroil and coolingwater contamination,and process

helium gas contamination The compressorsshut down due to improperset

points on the circuitbreakers, and on low (,Jluntil the oil supply system

was replaced with a less complicated system, _I°

There have been other problems from the [FTR system as it matured,

" While the compressors and their motors h,_ve operated weil, there has been

vibration and mechanical fatigue in tubing that allowed two large

" compressoroil leaks, which are both a fire hazard and a significant

unavailability issue, Small leaks are also present - they are unsightly,

but were not considered to pose a safety or availability concern, The

compressor cooling water was initially found to be contamiqated with a

variety of debris, including: weld slag, paper, cleaning rags, etc, A

strainer was placed in the cooling water line, but in summermonths the

strainer became fouled with algae. The recurring algae plugging has

caused shutdowns to clean the strainer, During the first wintertime

shutdowr,,freezingtemperaturesoccurred and frozen compressorcooling

water caused a flow controlvalve to burst. The compressorroom is heated
2-ionow for wintertimeconditions.

q

The TFTR cold box for temporaryliquid helium storagehas had several

mishaps. A vacuum shell is used for cold box insulation. A single

diffusionpump was initiallyused to maintain the vacuum, but there were

multiple vacuumdemands on the pump, so a spare mechanical pump was added

to assure that the vacuum in the shellwould be properlymaintained.
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Later',the diffusionpump failed due to oil loss in a high throughput

operation period, lt was replacedwith a turbomolecularvacuum pump.

This turbomolecular pump was found to be defective. The system was shut

down to replace it, Also, a brazed aluminum to stainless steel joint

leaked, causing a shutdown For repair. Some of the primary units in the

pairs of temperaturesensor diodes have had failures, so the redundant

units are used for temperaturereadings. One diode well leaked helium

gas, so the cold box had to be opened for repairs. This operationcaused

significantdowntime for purging,warmup, and then cooldown after repairs

were completed. During replacement,a vacuum isolationvalve drive

mechanism failed to close its valve pruperly and air was admitted into the

vacuum shel'I.2-I°

A faulty diode in the TFTR turboexpander power supply caused a

shutdown, and a faulty optical link irl the turbine speed circuit caused

another shutdown. Over 30 system trips due to gas high impurities have

occurred in two years of operation. These impurity trips average more

than one per month over the operating period discussed. Even though these

events seem frequent, the system Is said to have performed well overall,

Martin et al._-9thoughtcomplex cryogenicsystem startup was full

of unexpected,unpleasant,costly, and downtime-intensivesurprises. They

did recommendthat a 'safetyfactor'of 50% be includedwhen sizing a
_--:o

moderate duty liquid helium refrigeration system.

2.2.5 ORMAKExperiences. The ORMAKfusion experiment at ORNLhas also

published some of their' liquid nitrogen (LN2) magnet coolant system

operating experiences. _-tt Tile magnet cooling system was thoroughly

pressure tested, and weaknesses in the electrical ceramic insulators

placed in the LN2 lines were discovered at 7.5 MPa. [he insulator design

was changed to withstand the 10 MPa pressure test (the normal system

operating pressure was 1.4 MPa). Helium leak testing also revealed that

less than I% of all controlledfield brazes leaked. [hese brazes were

reworked._-ll InitialORMAK shakedownoperations revealed that N

several ball valves were delivered by the manufacturerwith incorrect

seals and seats, The original ultrasoniclevel sensorswere faulty and

were replacedwith more reliable thermistorlevel sensors. The LN2

centrifugalpump seals were rated for 500 hours of operat.ion,and several
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seal failures at the 500 hour time caused the URMAK staff to replace the

pump with a hermeticallyenclosedunit,2"12

2.3 ParticleAcceleratorCryogenicSystem Operations

. This sectiondiscussesFermilab and TEVATRON operatingexperiences,

and a brief discussion of the Intersecting Storage Ring and a university i_
. cyclotron.

2.3.1. Fermilab Experiences. Particle accelerators, and Fermilab in

particular, began switching over from water-cooled magnets to liquid

helium-cooled units in 1979. Someof the early proLlems with the liquid

helium units at Fermilab were that oils from the compressors and expanders

leaked into the helium stream, but could be removed fronl the helium down

to 10 parts per billion. Liquid helium satellite unit (producing

95 liters/hour in the liquefying mode) reciprocating compressors converted

from ammonia and freon service worked between 800 and 1,500 hours before

failure (the Mean Time Betwaen Failure, or MTBF), and reciprocating

" expansion engines could run for 800 hours for gas and 1,100 hours for

liquids between failures. 2I_ One interesting note was that the

• Fermilab staff discovered that magnet cooldown was very difficult due to

system instabilities (flow reversals, or geysering) unless there was at

least 20% excess refrigeration capacity present. Typical repair or

replacement downtimes for these equipment items were' cald box,

146 hours; transfer line, I hour; compressor, 60 hours; wet expander,

1 hour; dry expander, 8 hours; and plugging leaky expander heat exchanger
2-.)4

u-tubes took 0.1 hour per tube.

Later work published on accelerator cryogenic cooling systems __

declared that a major problem of cryogenic systems was their reliability.

The present helium refrigerators were cited as suffering from low

reliability, premature component failures due to poor design, and

operations related problems, such as contamination. Brown stated that

only attention to reliability in all stages of cryogenic system design,

fabrication, installation, operations, and maintenance - with a little

good luck would provide the satisfactoryperformancesought for

Fermilab._-_ Indeed,discussionsof acceleratormajor problem areas
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at that time showed that cryogenics is an area that requires redundant

components and double the amount of calculated cooling ability. 2-15

Fermilab reported on their satelliteliquid helium system, the

forty-eight25 liter/hourunits, again in the early 1980's. This

operationspaper rather fatalisticallysuggestedthat "redundant

components significantly improved the likelihood of continued operation in

the event of equipment, failure". 2-I_ The initial subsystem

interactions tests in June 1982 proved unsuccessful when the helium

transfer lines and the magnets would not stabilize at operating

temperatures, similar to the I-15 experiences. After two weeks, the

testing was suspended. A 'brute force' approach of using all available

LHe finally overcame the problem and allowed proper magnet cooling. The

satellite expanders suffered several major mechanical problems, such as

broken drive shafts and bad piston seals. An interesting problem with the

magnet relief valves was that during magnet quenches, debris would be

blown from the magnet interior into the relief valves, eventually clogging

them. This and other problems, such as defective seals and weak welds,

gave relief valve failure rates of 1 failure per 100 valve openings on

magnet quench. 2-16

More recent work published on the Fermilab TEVATRONaccelerator main

cryogenics system was more optimistic. The Fermilab central helium

liquefier is rated at 5,000 liters/hour, using three large 1.5 MW

reciprocating helium compressors to give _.5 K helium refrigeration.

During the six year system preoperational testing and system debugging

session, there were several major problems. In order of severity, these

problems were' Expander low efficiency due to valve leaks, seal leaks,

broken drive shafts, bad piston shaft seals, and large pressure drops when

operating above 66% of rated speed; Contamination problems from water,

nitrogen, and particulates; Control faults such as microprocessor

rebooting,and communicationslink failureswhen building air temperatures

rose above 32 C or fell below ]3 C; and Expander load regulationproblems,

such as blown fuses and expanderrunaways that forced emergencybraking.

The eighteen month system commissioningsession also exhibitedoperational

problems. These were' Contaminationby nitrogen leaks through closed

valves, and mixtures of aluminumoxides with water and nitrogen causing

2-8
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plugs in lines and in the turbine inlet filters; Control instability

caused by heat loads that led to flow oscillations; Inadequate power lead

cooling; Magnet quench relief valve leakage due to broken valve bellows

and magnet clamp parts becoming lodged in the valve poppets; Magnet vacuum

leaks; and Sixteen small pump motor failures. _-17

Overall, TEVATRONoperations experiences showed that contaminants such

. as water (impurities as low as 0.7 parts per million, or ppm, by volume)

and nitrogen (impurities as low as I ppm) can be a problem, even for

5,000 liter/hour systems. Pipe plugging by frozen carbon dioxide, and

neon or hydrogen, occurred at least 8 times in the 5 K and 10 K helium

piping, at one hour of downtime per event. Control system problems caused

I0 to 15 hours of downtime per month, and human operations errors caused 2

to 3 hours of downtime each month. The liquid expanders, with the use of

high performance Nitrile piston O-rings and felt seals, have managed up to

3,000 hours of operations with no failures or major maintenance

downtimes. Efficiencies up to 77% have been obtained for the expanders.

This is the best performance obtained for these units over roughly nine

" years of testing and operations. _-17

" 2.3.2 Intersecting Storage Rings Experiences. Surprisingly, the Center

for European Nuclear Research (CERN) reported that their cryogenics and

refrigeration system for the Intersecting Storage Rings (ISRs) experiment

performed flawlessly for the first 10,000 hours of operation. This

operation included 15 cooldown/warmup cycles. [he paper did refer to

several component failures during commissioning, but gave no details about

the failures. 2-18 A paper on helium leak detection referred to an

initial, persistent helium leak in the horizontal vessel of the cryostat

that housed a CERNISR magnet. The leak was large enough to hamper proper

operation of the cryostat. A method was devised to locate the leak, so

that complete cryostat disassembly and replacement would be avoided -
2-19saving weeks of ISR downtime.

2.3.3 MSUCyclotron Experiences. The superconducting cyclotron at
e

Michigan State University (MSU) suffered a leak of helium from the coil

cryostat to the vacuum jacket. The leak was very small at room

temperature, but rose significantly when the cryostat was cooled to
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cryogenic temperatures. When the diffusion pump on the vacuum jacket was

turned off, the pressure in the jacket would rise by a factor of greater

than 2 within 3 hour,s. 22° lhese leaksare referred to as 'cold

leaks', that is, a system appears to be vacuum tight at room temperature

but leaks profusely when cooled to LHe or [.N2 temperatures. _.-_I The

MSUcyclotron leak was a tolerated operatio,al problem for over three

years of cryostat operations. Finally, a new method to detect tile leak,
w

which turned out to be several leaks, was developed and tested by MSU

researchers. 2-2°'_-2_ Flowing cold gas over the exit ports of the

cryostat provided the means to determine the leak locations in the upper

part of the cryostat. Leaks in the lower part of the cryostat were

roughly determined by tracking the cryostat's liquid helium level and the

helium content in the vacuum jacket. The leaks have been sealed well

enough now that the diffusion vacuum pump does not need to run

continuously to maintain the vacuum pressure in the insulating vacuum

jacket. Although helium cold leaks are said to be a commonproblem, MSU

appears to have solved it for their cyclotron. 2-23

2.4 Superconducting Magnet Energy Storage Cryogenic System Operations

There is only limited literature on Superconducting Magnet Energy

Storage (SMES) system performance. The experience from one 30 MJ SMES

unit was interesting for i,his report, A trailer mounted helium

refrigerator, using liquid nitrogen for heat exchange and refrigeration

shield, supplied a SMESunit for the Bonneville Power Administration (BPA)

electrical grid. _-_-4 This refrigerator was a continual source of

hardware and operational problems over the 1,200 hours of operation

reported, lhe refrigerator responded very slowly to manual adjustments,

with up to ]2 hours of time lag. This was partly a funding limitation,

which forced the BPA to purchase a unit thai: was not fully automated.

Power outages to the refrigerator caused tedious and complex system

recoveries. There were several unspecified mechanica'l component failures,

usually repaired within hours by company personnel. Two design defects

were discovered that forced the utility to de-rate the capability of the

refrigerator by 30%, and to revise the heat inleakage to a higher value.

These two major design problems meant that i:he sustainable SMESunit power
was decreased from 7 MWto 4 MW._-;!4
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2.5 Medical Technology Magnet Cooling System Operations

I have had a search of medical magnet experiences from the US Food and

Drug Administration's event data base, called the Device Experience

Network, 2-_s performed under the US Freedom of Information Act. The

. time period I searched was 1980 to 1991. The results for cryogenic helium

concerns with magnetic resonance imaging (MRI) units are given in

. Table 2-I. These cryogenic events and violations of regulations involve

magnet quenches and violations of safety protocols. During magnet

quenches, magnet heat boils some of the liquid helium coolant, so that

gaseous helium has to be vented from the magnet case. The MRI magnet vent

stacks to the atmosphere were breached or otherwise disconnected and

allowed the helium gas to escape into the MRI patient scan room. The most

extreme event of that type caused the MRI technician to break a window to

enter the scan room so that he could rescue the patient, since the helium

overpressure kept the technician from opening the door to the room. Some

other events cited inspection results of oxygen monitors being either

improperly mounted or not powered from battery-backed power sources, both

" of which are violations of safety protocol and the MRI unit manufacturer's

suggested operating practices.

In closing, Table 2-2 summarizes information given in this chapter by

citing brief phrase descriptions of the problem areas that have been

discussed in this chapter. Someproblems only hamper good operations,

such as system pressure changes that reduce thermal efficiency. Other

problems can be safety or availability concerns, or even lead to cryogenic

system initiating events (IEs), such as line plugging, valve leakage,

leakage into the vacuum insulation space, etc., if they are severe

enough. Component failure rates and cryogenic initiating event

frequencies will be treated in following chapters.
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TABLE 2-i. MAGNETICRESONANCE.IMAGINGCRYOGENICEVENTS

November 11, 1988 During a magnet quench, the helium venting system

f'ailed and heliunl began venting into the scan rwom. o

The operator hurt his back while evacuating the

pat i ent,

January 1, 1989 During a illagnet quellch, the venting system failed,

causing he liurll to f:ill the scan room, The patient

bumped his knee while quickly evacuating the scan

room, lhe vent pipe t_ad separated from the magnet

body, causirlg a helium cloud tw fill the room.

February 24, 1989 During a magnet quench, t,he helium vent systeln failed

and veli/t.ed /LIl[:! gas into the scan room. lhe room

pressure quickly increased, causing the scan room

dowr t,() stick closed. The operator broke out a

window bet.ween i:he scan r{)om and control room to gain

access tw t.he scan room for patient evacuation.

:-_c old he d (LN2 thimble to cool theApril 27, 1990 A def_,.,tive t]alzer c a

insulation space) was nlaking enough training noises

to hamper communications wit, h tile scan patient.

February 12, 1991 An oxygen sensor f;or room atmosphere t:o protect the

pat.ient in case [I} [ cryogen release was not mounted

corre(:tly and could not, read the oxygen level in the

MRI room.

March 6, ]991 The r,agrlet quenched, releasing he*lium into the magnet

room. fhe venting system was repaired the same day.

No one was present during the event.

2--I_
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TABLE 2-I. MAGNETICRESONANCEIMAGINGCRYOGENICEVENTS(Continued)

Event .D,,ate Descri_t.!.on. q_f_the Event

• May 24, 1991 The scan room's oxygen monitor was determined to not

have a battery backup, This is specified in safety

. information, since the oxygen monitor must be

operable at all times in case of cryogen release,

l'he monitor will have a backup power source
installed.
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TABLE 2-2. SUMMARYOF OPERAIIONSPROBLEMS ENCOUNTEREDIN LIQUID HELIUM

AND LIQUID NITROGEN SYSIEMS

[)esLqn-relaLed l_..r_,pblems

Impropersize of system to deal with all scheduledmodes of operation

Inabilit,y oF system Lo deliver rated t,emperatureor flow rate

Inabilityto cool down magnets i,odesired tenlperature

Control system faults that led Lo s.ysLemrtlnon and prematureshutdown

Roomoxygen monitors not fur_ctiorlin9 properly due Lo improper mount design

System flow reversals, causlng pressure oscillatlons and instability

Slow system response t,o changed input, parameters

(/)..Ize_____.t',__Lip.[__s_:.r_e_!..a_te_d_..3!L'qb_]__,U!s

Leakage of nitrogen, heliunl, or _lir into vacuum insulation jacket,
oi" into the process pipinq

Leakage of water into sysLem from the compressor or its heat, exchangers

Atmospheric humidity condensinq onto exterior' of cold piping

Pipe and filter clogging due to Foreign mai:eri al ,(;or frozen gases

Spuriousgas compressorshuLdowrls

System contaminationfrom compressoroil, or constructiondebris

InstrumentFailures, such as temperatureand liquid level .sensors

Centrifugalpump seal failures,expansionengine piston seal failures

Relief valves clogging from debris, or leaking past the seat

Human operations errors

Helium leakageout of small 'cold leaks'
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3. Summaryof Accidents in Cryogenic System Operations

This chapter gives details of published accident information on

cryogenic liquid and gas accidents. Cryogens other than nitrogen (LN2) or

helium (LHe) are included here, since events with these other cryogens,

, such as liquid oxygen (LOx), hydrogen, ammonia, propane, liquefied natural

gas (LNG), and liquefied petroleum gas (LPG), can be applicable to LN2 or

• LHe. Since LHe and LN2 are not explosive, any concerns of that nature for

the other cryogens have not been treated. This chapter is by no means a

complete review of all cryogenic accidents, but it is representative of

the types of accidents that have occurred and could possibly occur again

without proper design and operations precautions. Insights gained here

also support completeness in qualitative safety assessments. The chapter

is structured to first discuss accident and incidents with US government

funded scientific research projects, such as the space program. Then

chemical industry events are discussed, followed by ozone explosions.

Fires near cryogenic systems, and large releases from cryogenic storage

tanks are discussed. Lastly, I close with discussions of human errors in

' fusion cryogenic systems and events that have occurred with small

cryogenic dewar containers.

3.1 Chapter Summary

This chapter cites incidents of large cryogenic gas releases to

buildings or the atmosphere because of equipment material failures,

operator errors, weld failures, and contaminants in the cryogen that

caused phase changes. Judging from the chemical industry events, the

public can be endangered, and there is a very negative public opinion

associated with these releases, I extrapolate that large "white cloud"

releases would create a media sensation at a future fusion facility,

Workers are also at risk when dealing with cryogenic systems. A large

nitrogen gas release in the Netherlands in 1972 caused several
l

fatalities. Also, in 1953, a nitrogen gas release event in a Japanese air

separation pl ant nearly suffocated 5 workers.

There have been several ozone expIosion events in irradiated LN2

systems, as early as the 1950's and as recently as the 1970's, with two
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probable events irl the IgBO's, ].lamagefrom ozone.,related events has

ranged from minor effects t,o equipment so badly danlaged that replacement

was the only means of" repair,

3,2 Cryogenic Accidents in US Government Operations

Nat lonal Aeronautics and Space Administrat, lon (NASA)hydrogen re'le, ase

events were collected and reviewecl For saf'ety inslghts in possibly using

liquid hydrogen for automobile Fuel, There have been 96 hydrogen mishaps,

most being liquid hydrogen releases, reported In the records kept, by NASA

for the tinle period between NASAincept:lon in 1958 and 1973, _I

lhese events are too numerous to reproduce here, and since t,he original

repot't, is quite cryptic in accident descril)tiorls a r'eproduction of the

events would not be lllearlItilgftll, Most, of' the events were large erlotlgh

releases to pose a safety threat,, The summary information about these

events is valuable and is !liven below, The following is an approximate

breakdown of l_tle causes of the 96 hydrogen mishaps reported:

Valve malfunctions or valve leaks 20%

l,eaking connect.ions or Fit, tings 16% .

Safety rupture disk failures 11%

Materials failures (hydrogen embrtttlement, etc,) ]1%

High vent:ing rates (syst, em design inadequacies) 11%

(;r'yopulnping (discovery of" 'cold leaks') 10%

Air trapped irl syst.en_s (flammablemixt, ures formed) 5%

Highway tanker truck acciderlts 5%

System overpressure, bcl'lows ruptures 4%

Hydr'ogen evolul;ion from bat,tertes 4%

lank and line ruptures, irlsulal:ing vacuum losses 3%

Irl 69% of t:he incident:s, hydrogen was released to the atmosphere,
i

This percentage includes the 5 tanker t:,r'uck accident events, Most of the

rest (Yr the report: dwells (:_nignition of' i,he hydrogen gas, whi(:h is a

pr i mary sare ty concer n I:or t hat 1i ght er t han at r', f:l almnabI e gas,

NASAoxygen release events were also reviewer.J,:{_ lhere were 55

events irlvolv]ng liquid oxygen (LOx)bet, ween 1958 and ]970 in NASA



operations. These 55 LOx events are summarized by major cause:

Materialsfailures/incompatibilities 2.9%

System contamination 20%

Other (personnel errors, etc,) 18%

' Ignition source near vent outlet 11%

l'ank, line ruptures 9%

. Valve malfunctions and errors 7%

LOx delivery accidents and releases 6%

When oxygen was released, it went directly to the atmosphere because of

the general nature of engine test stands. About 56% of these 55 LOx

events resulted in explosions or fires. Intrusion of foreign materials,

suc5 as hydrocarbons, aluminum metal shavings, steel fines from surface

abrasion (pump impeller shaft and valve seat wear), materials left in the

system (most notably cleaning fluid jugs and pads), cleaning fluid

corrosion products on the pipe walls, etc., caused the system

incompatibilities and contamination events. Poor welds and metal chamber

wall failures caused the rest of the materials failures,

" U.S, Departmentof Energy (DOE) operationaloccurrencereportswere

searched for cryogenicevents, as well as pertinentjournals. Fable 3-I

gives past events from publishedreports_'3and listings from the

OccurrenceReportingand ProcessingSystem (ORPS),3"4 The breakdown

of events From Table 3-I is: Gas compressorexplosions and fires, 4

events;Cryogenicoverpressureexplosions,2 events; Loss of insulating

vacuum, 2 events;Acceleratorwindow failures,I event; Hydrogen

explosion, i event; Bellows liner Failure, I event; and Helium

refrigeratorshaft failure, i event, Irlanother DOE event, the Alcator C

Fusion facility had an air leak into a magnet cryogenicenclosure, Ice

built up overnight,blocking Flow, lhe coil was damaged beyond repair

, when it was operated the next operatingday._-!_
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I'ABI.E 3-I, CRYOGENICEVENIS FROMU, S. I)EPARTML,IIOF ENERGYOI_ERATIONS

June 28, 1960 lh<: s t,ainless siegel linIn!j of a new liquid .

n i t r o!1en sL:c_r acilc; t,ank bet nq i. st a11ed cot 1apsed

when l L,s c'.c.lv_t,ent:s were partly evacuated during an

accept, ante t,esl,. The event cc_st; was $7,000 to

repair l,he tank, Rel)ort 60.-21, :_:_

July 2:.I, 1964 An explc_sion t.ook piace irl a hydrogen purifier for

a t_ubble chambe,l' expansion system when a valve was

Inaclv{_t'l:_,nt,ly lc.,fl, iri a closed posltion during

ptlrglng ol_erat:iot_s+ lhe t)recooler and the

a_tsorber' t:otls were torn open and t,he cont:ainir_g

dc_war l)ulged, lhe event cost: $11,000 for

rel)airs, Report, 64-.4LB,:;:_
,,,i

November' 16, 1964 Arl exl)lo.sic_n occurred tn tile flrst stage of' a

rlit.t"C)!len compr{_ssor, result,tng in shraprlel l)eing

" Ct:hrown l.htoujh Lt-le (:oml)ressor b[vildinq roof and

al,,,o da,ta(jing t,he b_lil(tir_cl walls. Repairs cost

$16,000, l{eport_ 64-.59B,:_:_

July 5, 1965 An explosion and Fire occurred in the experimental

hall of' an accelerator complex, lhc incident, was

caused by a sequential failure of tile inner and

out.er beryl 1i um windows or a 1i ¢.lUid hydroge/i

but.)ble chamber, C)neperson c.lie(l and seven others

wctr'e injured, The repair cost, was $],5 million,

Repc._rt,65.-24, :_:_
,i

Marc.:h18, 1966 Wllc::nthe IllMn tly(.Irogen flow Ltlrough a purifier was

be(:lun, arl explc._sion occurred at, the irllet tc) the

aclsc_r,ber (:cH1, lmlllediat.ely, t,he liquid hydrogen

(:orlt.erlt:s of"t:he (:halnt>erwere dumped i,ot:he

at,mc_spiler{; l,tlrotlgh a safc:t,y vtLtrlt sysl, ern, Repairs

(:_)st. $11,000, Repllrt: 66--8. :_:{
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TABLE3-I, CRYOGENICEVENTSFROMU, S, DEPARTMENTOF ENERGYOPERATIONS

(COE__t! l!l__ed]

Eyent..Date ............... Desc__ipt,ion ,o.,F,..Event and ReferenceNumber

June 27, 1966 An explosion (the cause was undetermined) occurred
v

in a nitrogen compressor, followed by a lower

intensity explosion in an oil dernister downstream

• from the compressor. Two men, located 2 and 4

meters from the point of major failure of the

compressor, were not injured, Repairs cost

$40,000. Report 66-26.3J

December 24, 1967 A fire, probably originating in electrical wiring,

occurred in the compressor trailer of a bubble

chamber facility. The compressors and associated

piping, and wiring were damaged. Repairs cost

$15,000. Report 67-50. 3.3

January 13, 1982 During liquid helium transfer to cryopanels, a

valve leading to the magnet dewar spuriously

opened and allowed the helium to flow into the

warm dewar. The liquid helium boiled and the

resulting overpressure caused a helium gas

recovery bag to rupture. An overpressure relief

type of device will be added to the gas recovery

system. 3-6.

1986 The Fermilab nitrogen reliquefier suffered a major

delay when a 254 mmdiameter pipe bellows liner

failed, The reciprocating compressor was damaged,

and rework and recommissioning added to the

. delay. The liner was excited by an upstream

compressor bypass into a resonant failure, The

. bypass line was moved to another position in the

system. 3-z
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TABLE 3-I. CRYOGENICEVENTS FROMU_ S. DEPARTMENTOF ENERGYOPERATIONS

(Continuedl

Event Date Description of Event and Reference Number

June, 1987 The Tritium Systems Test Assembly suffered a .

helium refrigerator failure in their hydrogen

isotope separation system. The shaft that coupled

t,he expansion engines to tile inlet and outlet

valves broke during operation. The major test run

•in progress had to be postponed wiYile repairs were

made. lhe t,est run was subsequently performed in

July 1987. :__:_

March 23, 1990 The liquid helium compressor for a superconducting

magnet was in operation wh_-,:wlthere was a site-wide

power surge, l he compressor contactor failed to

break power to the conlpressor motor during the

power dip, which caused the 300 kW motor to short

circuiL and fail. A te(:hniciarlquickly shut down

the system irl an orderly manner and discharged a

portable fire extinguisher, because smoke was

present around Lhe motor. Urldervoltage and

un(.terf:requen(:y prol,(:!c.t, i V(!: tel ays wi 11 be

installed. Repairs cosl: an estimated

$6,000. :_-_

July 19, 1991 An unplanned stAperconduct:ing magnet disc:harge was

initiated wherl an isolation amplifier input (:able

was disconnected inadverLently. Some minor damage

occurred i:o insl;lation on a current: lead-in during

an arc ta ground, A G-lO insulal:.or disc melted in
a

the _l"c that passed tl_rough a l--cre distance at the

current lead joint. 'lile arc opened a hole in the

stainless si:eel jacket, allowing liquid helium

into the vacuum space of: the tank. Helium was

, 3.b



TABLE 3-I. CRYOGENICEVENTSFROMU. S. DEPARTMENTOF ENERGYOPERATIONS

(Continued)

Event Date Description of Event and Reference Number

July 19, 1991 (con't.) vented into the laboratoryand to atmospherevia

" pressure relief valves. Water coolant from the

damaged current lead entered the magnet, requiring

. warm up and drying before resuming operations.

The magnet coil itself was not damaged. More

distance will be provided at the current lead

joints. Repairs will be completed by September

24, 1991 and cooldown should begin on October I,
1991 3-I0,3-II,
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3.3 Cryogenic Accidents in the CI1emical Industry

The liquefied natur'al gas (I..NG) aiicl liquefied pe.troleum gas (LPG)

industries have had many serious accident, events, LNG and LPG events are

discussed first, then other liquefied gas accidents are treated, These

events serve to illustrate several points u{ good design, Proper

materials must be used, systems must be inspect.ed regularly f:or leaks, and

proper procedures for syst, ern opeY'ations must be f'ollowed, A good summary

of chemical industry accidents is given by l_ees. 3I;: Several

accidents of potent.ial corlcern to fusion ar'e a 196] compressor explosion

in an oxygen plant in Ecorse, Miclvigan, a 1964 oxygen plant, explosion in

Charleston, West Virginia, and a 1972 nii:rogen release event irl Rozenburg,

the Netherlands that: asphyxiated three people, These e.xplosions resulted

from large breach events mainly due to mat:erial failures. Ol:her events

are the Cleveland, Ohio LNG st, orage tatlk leak and exp-losion in 1944 (the

tank materials were not suit, able f'or I.NG temperatures, became brittle and

failed) that killed 144 people. Irl NoveIilber 1970, operators ai: Gulf Oil's

Blair, Nebraska plant accident:ly overf:illed a refrigerated ammorlia storage ¢

tank, The tank released about 145 metric l:(_1_sof ammonia, but no one was

injured. An LPG rail car derailment in Crescent City_ Illinois, in June
I

1970, caused a large LPG explosion, Heat. f"rom i:he ensuing f'ires caused

other, intact tank cars to overpressurize, alld open Lheir pressure relief

valves, feeding the fire with more pei:roleum gas, A major leak of ammorlia

from a pipeline in McPherson, Kansas in []ecember 1973 occur'red due to a

block valve failing to open in the pipeline. The Fipeline overpressurized

and ruptured. No one was injured. A summary of" t,he 295 public evacuation

events from the vicinity of chemical plants in the US between 1980 and

]984 shows t,he frequency of chemical plant event, s and I]l_e increasing

public hostility toward t:hat irl(Just, ry. :_I:_ Several of those

evacuation events dealt, with releases of LNG, I..t-"G_ammenia, and chlorine.

Carson 3}4 also gives Lables of: many chemical in(Just.ry events,

including ammonia, pr'opane, I..NG, and I.PG accident:s.

Since many of these release event, s happerled because of: material

failur'es, proper materials are very important to cryogenic systems.

Materials consideratiorls are also impurt, ant. in fission reactor systems, to

avoid er,britt:lernenL. Materials c{)nsideral:ior_s will be l, aken into account



when I set the order-of-magnitude failure rates for cryogenic components,

such as piping, valves, cryostats, cryogenicstorage tanks, etc., in

Chapter 5.

Air separationplants have had their share of unfortunateevents as

" weil. While most are explosionsof liquid oxygen, there was one event at

a Japanese facility in 1953. Two workers went into a heat exchanger pit

. to plug a leaking heat exchangertube. While working in the heat

exchanger,nitrogengas overcamethem. Three more workers saw these two

men in danger, and they rushed in to the pit to rescue them. All five

were overcomeand nearly suffocatedbefore the nitrogenflow was stopped

and rescuerswith portable breathingapparatusrescuedthe five.3-I_

Somerecent accidents in Europe also show some of the risks in working

with cryogens. In 1983, a pipe fitter at an ammonia plant was changing

the valve operator from a manual handwheel to a motor operator. The

fitter inadvertently began working on the wrong valve, and removed all

four bolts that held the valve cap in place (rather than one at a time, as

" the procedure directed), lhe fitter was choked by anhydrous ammonia when

line pressure blew the valve cap off. 3-16 In another event, a

" compressor house in an ammonia plant had a tire in 1983. A lubricating

oil line for the ammonia compressors suffered a breach failure from

vibration. The oil caught fire in the warm plant environment. A plant

operator walking through the plant noticed the flames and sounded the fire

alarm. Several plant operators battled the fire, using more than ten

portable fire extinguishers. The fire kept reigniting, since oil was

still being supplied and the portable extinguishers were not large enough

to cool the environment adequately. One operator suffered a fatal heart

attack from the stress and physical exertion of fighting the fire. When

the compressor and the lube oil pump were shut down, a standby electrical

lube oil pump started (designed to protect the compressor in case of low

. oil levels) and also had to be shut down, since it added more oil to the

fire. Firemen arrived and finally extinguished the fire by cooling down

the surrounding area. Damageto the plant was over $0.6M, and the plant

was down for about two weeks for repairs. :_17 This compressor Fire

event is particularly important to us, since small compressor and turbo-

expander oil leaks have been noted as operational problems in Chapter 2.
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Accidents with l iquef'ied propane gas have also occurred, A propane

truck, overfilled arid with l,he safety refief valves inoperat, ive, exploded

Otl!sside the driver's florae,The (Iriv(-!rlla(l!.Io_e_I,__ ItlI'_(:h, leavin!]Lhc

truck motor idling. The heat from the exhaust pip(::warmed Lhe st,aLionary

vehicle'spropane t:ar_k.These three (:ondii:-iorlscombined (overf'ilI,

heating, and failure of: I:)ressure relief") caused a propane war'mul),

pre ssur i zat i on, and expl osi oil, The. t,r uck was (.lesi:r oycd, :___ I n

Japan, some year.-old liquid propane ,:ylinde.rs sl)lit, open and discharged

their cont,ents, There were n,') report:ed e-f_l:ects [_'(.)111the propane release,

Met:al fault iIiclusi()rls iri t.h_:_drawing l_rocesses f'or I:he cylirlder end caps

were found t,o be the cause of the cylinder fra(:t, ures. :}l!:j

Lees:_-l_:also ,lentioi_s delivery t,rtt(::k ac(:idel_l.;., leading t:o releases

and explosions, not,ahly the 19/_., disa!;t.er if1 .'.:,pairl where a propane l.,ank

truck explc-_ded, t:.he I976 acciderlt, wil.h an arlililurlia Lank i:r'u(:k in t.lousl.on,

lexas, and i:he ]97(] l..()x t.ank t:ru(:k explusiorl in t]r'ooklyii, New York,

Release events from delivery [.tucks (:oul(I also happen wit.h l.N2 or I_tte.

lhe use of: per'lit.(:_ i_istllatiorl for LNGand LPGIlas also led t.o several

failure events, ;__'° Wherl t,he perIit, e in [.he. vacut_minsu)ai-.ion space

settles and packs dowrl, the local heat, t,ransfer rate increases, whi(:.h has

-led t.o overpressure accidenl.s. [-:quipmur_i.under vihrat:ior_, stlc:h as truck

or rail t.rarJsport,, has t.t]e tvighesl:, r i_,k of t:lli'i; t:yp_:o1" e.ver_t., tlowever,

perliLe carl also be beneficial, t:()r large stora(](:, t:a.rll,:s, l)erliLe has been

shown to have a signif:i(::arlt damping el::fecL if t.he inner t.ank wall fails,

resI:.ri(:t..ir_g the size oi the inI_er wall t)r_.,ak all(i t'et.ar{ling t.ile cryogen

outflow. :__1 f-ort.urlat:ely, liquid helium fLisiorl uses requirirlg

absolute mirlimization of tleat: l.ran.sfer would likely re.quire the more

advanced al umini zed lily lar .sheet. i nsul at ion rai:h,;_' 1,ha_,ll:_ul"li t,e,

3,4 Ozone Explosi(,,rl f!vt_i_t..'_

Another major safety (:on(:ern for cryou(.'.r_i(: sy_:,t.emsis (:r(:_at.ior_oF

ozone in systems thaL enlrain oxygen and ar'(:_under irrL_diaLion, lhere

t_ave been several events ot ozone exp-losiorls ill the 1950's arl(.t 1960's, an(:t

l.here are t:wo additional possible ozone evenLs irl the U.S, DOEORPSdata

base in the 1980's. lhese ozone everll:s are c:it:ed irl lahle 3.-2. Oxygen

impur i t. i es i rl commerci a I 1iq_tid nil..ro(i(:rl or i rl r/i l..r'(_9(_rl,.:.y,;I..ell/s



inadvertently exposed to air can begin to form ozone in the presence of

radiation, such as gammarays or electron beams, or by neutron

bombardment. Brereton 3_-_calculated that for 10 m3 of LN2,

with an initial oxygen impurity concentration of 20 ppm (to account for

air inleakage) and a gamma/neutron exposure for a 500 MWBurning Plasma

' Experiment (BPX) pulse, the ozone creation is on the order of 75 grams.

For that amount of ozone, the decomposition energy is roughly 226 kJ, or

• about the same as detonating a quarter of a stick of trinitrotoluene (TNT,

about 50 g per stick). If the ozone was allowed to build up for all of

the 3,000 BPX full power pulses, the decomposition energy could have been

as high as 678 MJ (or' about 680 sticks of INT, since TNT is roughly I MJ

per stick).

For systems that are meant to remain cold after initial startup, such

as refrigerating shields and cryotraps, the buildup of ozone could be a

problem. F_,e ozone freezes out on the LN2 pipe walls, so it can
i

accumulate in the radiation field's location. Milligram quantities of

ozone can be created from oxygen impurities in just minutes of medium to

" high irradiation. Since commercial liquid nitrogen is generally now much

purer' than that in the 1960's, the ozone formation concern is reduced, but

• air inleakage must be kept to a minimum to keep the oxygen concentration

near the commercially obtainable 5 ppm.3-_-2

Ozone creation in LHe systems is also a safety concern for fusion.

The oxygen impurity will freeze out in LHe, but small air leaks into the

system near the tokamak neutron and gammaradiation field will still allow

ozone creation. 3-22 Another source of air admission is a vessel

leak-up-to-air event, where the oxygen in air freezes out irl liquid helium

or liquid nitrogen cryopumps. Such an event was postulated during the

TFTR safety work. 3-23 A variety of ozone ignition sources could be

present' vibrations from machine operations, static electricity buildup,

. impact from other foreign materials circulating in the cryogenic system,

and cryogenic system pressure fluctuations or localized heating that could

dislodge ozone chunks so that they would impact at a downstrearn bend in

the piping. There are probably other ignition sources as weil.
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TABLE3-2, OZONEEXPLOSIONEVENTSFROMLIQUID NITROGENIRRADIATION

.... _v ent Dat e ..........D_e_s_cr...i])t i on of__E_y_ej].tan_d.._..,.R.efer en___c__e.._N_u,jbe_?_......

1955-1957 Two explosions at the Oak Ridge Graphite Reactor, q

In the first explosion, an open nlouthed aluminum

dewar was filled with LN2, The 6,5 In dewar,
,Q

positioned inside the reactor, operated for 3 days

before the explosion occurred, Afterward, there

was an intense odor of nitrous oxide associated
3- 24with ozone.

lhc second explosion occurred during a

cryost:aL run. A vacuum line to the LHe cryostat

ruptured, allowing air t,o enter and freeze in the

salnp!e chamber, After the test run, when the

cryost:at was war'ming t_p, it, exploded. _-'_4

1958 Arlot,her explosiorl at the Oak Ridge Graphite ,

Reactor. An ol)en dewar of [.N2 was irradiated and

i t expI oded, :__'; ,i

1960 flarwell Laboratory researcher!.; rloLed several

expl os ions whi I e conduct ing el ectron i rrad i at ion

experiment, s with LN2 present,. They attributed
3-,26

these to ozone production and explosion.

1960 Hanford laboratory researchers noted several ozone

explosions when they t,ested materials in electron

beams generated by t,heir Van (le Graff

accelerat, or, I.N2 was used Lo cool the samples

during Ithe el ect.ron bonltI)ardment,:"__
,d

1964 During tests of the Nuclear Engir, e For Rocket

Vehicular" Applicat, ions (NERVA), liquid i_ydrogen

lines caused air to freeze and pool near the

surface o[ the (:.()ld 9a,",eous helium shroud,

Radiation from t,he NERVAtest caused ozone
3 _f/

f:ormat,i on and ,.iitl[)seqtlen t, det,(_r_at-,i on,

= 3_.t2

,.



TABLE 3-2, OZONEEXPLOSIONEVENTSFROMLIQUID NITROGENIRRADIATION

(Continued,)

Event Date _ Description of Event and _,eference N_um,ber .....

May, 1969 A Los Alamos employee was testing superconducting

, coils for radiation resistance. An LN2 dewar ran

almost dry, and the employee removed it from the

. gammaradiation field to refil'l It, He carried it

to the refilling station and set the dewar down on

the floor. The mild jarring when he set the dewar

down caused an explosion. The top of the dewar

was blown off. The man was not hurt, other than a

bloody nose and damage to his safety

glasses. 3-_8

1969 The cryostat at the Ames Laboratory Research

Reactor operated successfully with high purity,

oxygen free LN2 for many weeks. Then, when the

• cryostat was opened for a short time (about 45

minutes) to exchange irradiation samples, oxygen

. was admitted. After 2.5 hours, the cryostat began

losing vacuum. The inner chamber had ruptured
3-29

from an ozone or hydrocarbon explosion.

June 5, 1987 Continuous Air Monitors began sounding and an

operator heard a sound like a large door

slamming. Operators tried, but could not

stabilize the cryogenic section of their

radioactive rare gas treatment unit. An ozone or

hydrocarbon explosion is believed to have occurred

from oxygen inleakage to the liquid nitrogen

cryogenic system. The cryogenic unit's vessel was

ruptured by the explosion. A 3 month delay

resulted when the vessel had to be replaced.

Corrective actions included changing the flow

sheet and operations procedures to preclude future
3- 30events.
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TABLE 3-2, OZONEEXPLOSIONEVENTSFROMLIQUID NIIROGEN IRRADIATION

(ConLi nue_d}

Event Date ..............D__e_s.£.ri!IZ_.!o.!!...._of_.....[_..venta_QdReference Numbe£.........

May 2, 1989 A cryopump was being warmed to release frozen
Q

gases trapped in the pump. An explosion occurred,

whic,h blew off the lower 203 mmdiameter pump

flange and crushed the lab jack below the flange,

The pumpwalls were distorted and the irlner

cryoshields were mangled. 'The entire vacuum

chamber was lifted from it.s supports and

misaligned. Potential causes for the event were:

an ozone explosion created f:rom the operation of

the sputter ion gun, or gases forming an explosive

mixture (ignited by a thermocouple gauge).

Changes to pr'eclude event recurrence included more

frequent regeneration of: t.he pumps to avoid ozone

buildup, evacuating the cryopurnp witll a roughing

punlp to reduce f:oreign materials buildup, and

installation of' an a(.Iditional relief"
3. L_1valve,

- 3...i4

....



3,5 Fires in Facilitiesthat Use CryogenicFluids

Fires near cryogenicequipmentare a safety concern for the LNG

community,3"_2'333and should be for all cryogenicgases, This is

becauseof the extra heat load that fires can create near cryogenic

, storagetanks or piping, We have alreadyread four nitrogen and hydrogell

compressorexplosion/fireoccurrencesummaries (givenin Table 3..I), For

fusion facilities,there are other chances for fires due to the higho

voltages,high frequencies,and high electricalpower leveIs required for

plasma heating,magnet power, diagnostics,instrumentsand controls, and

secondarysystem operations,such as water systems and cryogeniccooling

units, Even though the fires discussedhere are not near the cryogenic

systems,there is a chance that a fire could spread into other areas

unless it is adequatelyblockedby fire barriers, Since fusion facilities

need so many services routed to and from the torus, the torus is a locus

for possiblefault events.

Reports of fires at fusion facilities are rare, but there are several

• events to mention here. One electrical fire event occurred at the

Princeton Plasma Physics Laboratory. 3'34 In September, 1970, two

. ground resistors on a 138 kV to 4160 V transformer began smoking and then

burst into flames. Timely operator intervention with portable fire

extinguishers limited the spread of the fire so that only three 4-kV

circuit breakers were badly damaged and two others moderately damaged,

The fire was extinguished before the local fire department arrived at the

scene. The other event occurred at the DI II-D reactor near San Diego,

California,in Lhe 1980's, A foreign object in tiletoroidal field coil

electricalbuswork on the floor below the torus caused a short circuit,

then a minor explosionand fire,_-3s There has also been an

electricalexplosionevent at the Joint EuropeanTorus in November 1983,

A poloidal field coil power system circuit breakerprotection switch,

operatingat 2 kV of its rated 24 kV, exploded for unknown reasons during

tilefinal run before a scheduledshutdown, The electricalprotection

system acted correctlyto shut down the coil, A spare switch was

" installed during the ensuing maintenance shutdown, but the cause of the

explosion was not identified. 33_
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Another fire evenl of" Int, erest occur,red dt_ring t,he corlst, ruct, lon of a

llquid ammonia st,oragetank In Canada In 1966, l)urIngLhc corlsl,ruct,lon

pl"ocess, a valve on t,he bot,t,c.)mof: the Lank had frozell shut,, due Lt) culd

weather and condonsat:iorl drainage Irl t,he l.ank, A mechanic i;rit_d to heat:

the valve with a propane t,orch to t:haw it:, oul:, Unf:ortunal:ely, t.he,

uret, hane insulation on t,he l,ank was seal coated wtt, h Flirlt, cot.e (asphalt,

and gil soni re, bl ended wi t,h lO0- rl ash pe l:rc:_leum sol vent, asbes t_os f"tbers

and mica filler), The seal coat caught f"lrc., from t,he torch's tl_._at:, "lhe

fire quickly spread t,o engulf' t,tle er_ttr'e t,ank, 'l'hc_mechanic barely

managed to escape, EClUit)Ivlenl,it.erlls nc:ar t,he tank, such as weldor's, air

colnpressors, kerosine heal:ers et:c,, were (iesl:_oyed lhe fire burn_d

fierce'ly for a few mlnllt, es and t:hen died out, Later t,he corlt:r'actor,

discovered that t.he pet:roletlm solvent would be exuded f"rom t,he seal coat.

for up to 30 days, unt.il file coat had curt.;d t)rl:_l)erly, :_:*/ I:ires, (_t:

indust.rial and electr'ical origirl, should be caref'ully arlalyz(:d for' fusion
facil i t:les,

3,6 Large Storaqe Tank A(:cIderlt:s

Cryogenic storage sysl:ems, gent:_rally large. (hundreds of: cub tc inet:ers

capacit, y) insulat:ed tanks, have been suhject, Lo acctdl-,.llt:s. [)estgn

precautions ef (.likes t:o t)rever_t: liquid f:low away t"rom l,he tank and

cylindrical bund walls t,o c:onI:ine liquid irl a boiling pool around the tank

appear Lo be generally ef'fe(:l:ive fo_" t,he LNG industry, Us iiic] crushed

gravel as a f:'loorirlg r,at,erlal near t:he t,anks also helps t:he released

liql_ld to diffuse and warm up, :_:_ Of' course, these added ext)en._;es

are asstlllled becallse of file large scale ef'fe(:t,s arid los,s of" llf:e that LNG

explosions have been known t:o cause, ltle largest, NASA!;t.orage tarlk

in(:ldent_ occurred in August. 1966, :{:{_ A large lOx t,ank was go ing Lo

be part:ially emt_Lied as parl, of' rlormal operal.ions, When the out,lel: vaire

was opened, fox enter'ed the out,lel line,, as normal, Ihen, the warm ltne
ii

caused heat.ing and phase change in the f:lowing l,Ox, Pressure pulsat:lorls

occurre(.I as t:he warm gas t.)t_ilt, ut)pressure iri t,tle _ut:,lel, line, lhe

resuli:in(:t, pressure pulsar, lures, ofl.en rc, l:erred 1:o as 'wal:er tlanllller", caused

a 457-mm diamet,er reel:al f"l_:.,xible hose t,o i:wist arid t:ear operl, Ab(Jul:

2,755 m_ of LOx was rf]leased, The. cold fltlid catl.st::d the t.ran!_fer

pLimpcar ben st,ee1 ba_;(; I)'l,_Le I.o c:r'a(:k, an(l c:alised mi n(_r' (::l"a(:k ._;i n t.he
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storage vessel support, celumns, The 'Inner' sphere of the storage t_nk

buckled inward due to the decreased pressur'e in tile ullage space as tile

LOx rapidly drained, The inner sphere was made of 304 stainless steel,

and it was later filled with water and pressurized to force the sphere

back into shape. At 41.4 kPa above atmospheric pressure, tile damaged area

, "popped out". l'he storage tank was ready to receive LOx one month after

tile event occurred, Conference participants hearing this paper

. presentation suggested that pre-chill ing the outlet 'line would prevent

recurrence of the event, :_3'_ These pressure pu'Isations have been

described as geysering, :_4° Geysering is a phenomenon of gaseous

and liquid cryogen coexisting in a vertical 'line, The downward flowing

'liquid forces the vapor' up, violently expelling the vapor into the chamber

or container. The vapor causes a pressure increase which causes a

pressure wave, or water hanlmer, that travels back down the vertical llne,

sometimes with disastrous consequences, The geysering inhibitor 3_°

Is an annular line, cooled to cryogeIlic temperatures, to prechill the

transfer line and prevent large amounts of vapor formation,

. Another tank failure occurred for a liquid ammonia tank in November

1978._41 This tank had two sinlultane_us problems, Cold weather

. and a power outage combined to fail the tank. When a plant-wide power

outage occurred, the pressure transmitter for the tank froze up due to

iiloisture in the instrument air system and also the cold weather (-12 C

ambient temperatures), When power was r'estored, tile transmitter read a

false "low signal. The refrigerating compressors serving the tank actuated

and began to run conlinuously, cooling the ammonia more than normal. Two

days later, the incoming plarlt shift personnel noted the refrigerating

compressors were still running, and they realized that something was

seriously wrong. Before they could act, tile tank had collapsed inward.

Operators shut down the compressors immediately, bul the tank collapsed a

second time, creating a small rupture In the tank, [he tank had adequate

overpressure relief valves, but not vacuum relief valves. 2,267 metric

tons of ammonia were lost due to the rupture and the repair operations,

Tank insulation was removed, the damaged panels were cut out and
4

replaced. Repair operations took almost 3.5 months. :_41
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Storage tanks are susceptible tc)human errors and to the elements,

such as the cold weather related failure discussed above, and to other

external events, such as earithquakes or aircraft crashes, irl Chapter 2, I

noted several events of; tank overfilling due to operator error, and there

are more even'ts 'Ilk(:; t,hat in the literatL_re, :._4_,43 I also note
ql

that oil storage tanks suffered damage tri an earthquake event in October

1979, 344 Tank anchoring is r'ecommew_ctedto prevent: liftoff" in the
,w

event, of" strong ground mot,iorl, Earthquake analysis for fuslorl facillties

must, be performed, especially for the (:ase of; large LN2 releases,

Japanese experience with undergrourld LNGst,orage tanks has been favor-

able, Designed as tall cylinders to reduce sloshing fluid impact,s to the

tank ceiling in (:as(.-,.of; earthquakes, t,h_se tanks have perf"or'med well for

Inany ,years, and are not vi sible to passersby, '{'_

3,7 Selected HumanError Events Involving t-usi(_n Cryogenic Systems

I have been told of t:wo event:s ,.t, fusion f_acility cryogenic systems

that involved human errors, ihe f'irst event happened in the 1970's. It:

was a flange breach, due t.o a quality assurance error that: allowed workers

to inadvert:ently use carbon steel bol-Ls in a cryogenic flange, :_4_

The carbon steel bolt.s emL:)ritLlc;d aL cryogenic t,_-_r,peratures and

fract:ured, The second event, 'in the 1980's, was the irladvertent

install at,ion of a ball valve not int:e_lded for cryo,(Ijerli(: service in tile

olltlet line of a liquid ni t.rogerl storage Lank, When the ball valve was

closed f'()r the first time, a small amount of l icluid was trapped in the

bali's flow channel. Such a valve meant for cryogenic service has a small

port, drilled in the ball, so that, any f"luid t:rapped t.here can exhaust

dowrlst,ream as it vaporizes, This inapt_ropriate valve t,'r"at)ped I_N2 irl the

flow channel, The valve suff'er'ed an overt)ressure within the ball channel

that: f:c)rcefully tore c_penthe v_(Ive body and al Ic.),,,,,_.,.dt.he tank (:orlt,erlts to

be verlt,ed to the atmosphere, :_4/ No orlc-;was injured irl either of

thes_-_cases.

3.8 In(:idents wit:h Small Cry()gei_ic Containers

Other evc,nt,s in t:he liter'aLure are dewar overpressure explosions,

lhese refer'enced (;asc._sc.lescribc-, dc,war f:ailures from (:orr{_sion, air
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humidity icing inside the vacuum space that collapsed the dewar neck, and

an ice plug from atmospheric humidity that formed in the neck of a dewar,

Readers will recall that dewars are simply insulated containers that do

not suppress cryogen boiling, but merely reduce heat inleakage to retard

boiling, Normal heat inleakage boiloff was prevented by the ice plug, and

. the dewar pressure rose until the material failed in an explosive pressure
rel ease.3-'18,3-4_

3,9 Conclusions

A great deal of practical information on accidents has been obtained

from cryogenic system operating experiences_ most notably from the

reported events in NASA, DOE, and chemical industry operations. The

review of LNGand other cool gas information has shown that attention to

details, such as use of proper materials, adhering to system cleanliness

requirements, and following good operating procedures helps insure safe

operations. We have seen that cryogenic equipment (compressors and

expanders) have maintenance and service life eccentricities, and can have

" dismal service records. Creation of ozone in LN2 can be suppressed by

starting with very high purity cryogens, and with cautious operating

, practices the ozone threat can be managed by eliminating cryogen exposure

to air, Table 3.3 gives a summary of the types of events discussed here.
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TABLE 3.3 SUMMARYOF TYPES OF CRYOGENICACCIDENTS, INCIDENTS, AND EVENTS

Design related events

High venting rates (system design inadequacies) Q

Discovery of 'cold leaks'

Air trapped in liquid hydrogen systems, flammable mixtures ormed

Helium refrigerator shaFt failure from improper design

Ozone explosions in LN2 systems under irradiation

Q1)erations related events

Cryogen rail tank car der'ailment and tank truck accidents

Storage tank overfill spills

I-luman errors on cryogenic systems, supplying incorrect equipment

Fires potentially near cryogenic systems

1953 near-suffocation event

,E_q_u_i_pmentre l ated events

Valve malfunctions and valve leaks

Leaking connections or fittings

Safety rupture disk spurious Failures

Materials failures (from hydrogen embritilement, etc.)

lank and line ruptures ,

Loss of insulating vacuum

Accelerator window failures

Bellows liner failure

i972 nitrogen asphyxiation event

Pipeline ruptures

Liquid propane truck explosion, storage cylinder fracture

Titan missile Fuel leakage due to mate.rials problems, human errors

Large cryogenic storage tank Failures

Dewar failures
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4. Potential Safety Concerns with Cryogenic Fluids

There are several features of cryogens used in fusion that present

potential safety concerns for facility operations, These features or

qualities are discussed in this chapter. Briefly, these potential safety

. concerns are: extreme cold effects on the surrounding environment, phase

change pressurization effects and the possibility of personnel

• asphyxiation, safety of the warm gas handling plant, concerns from

contaminants, large cryogenic liquid or gas releases to the environment,

arid dielectric breakdown of helium and nitrogen. I will address each of'

these areas here. In addition, there are 'Five sources of information on

cryogenic safety that are very good references. These are cited as

references 4-I to 4-5. There are also several excellent papers that

outline the basic safety concerns with these fluids, cited as references
4.-6 to 4-9.

4.1 Introduction to Potential Safety Concerns with Cryogenic Fluids

. There are several possible safety challenges and concerns that can

arise when using cryogenic fluids that have not occurred as operational

. problems or large accidents. There are other concerns that have been

realized through their occurrence. Ali of these concerns must be

addressed in some form of safety assessment or analysis for a future

cryogenic system. Personnel safety issues have not been directly

addressed among these safety concerns.

Safety concerns that have not occurred but should be analyzed are

dielectric breakdown in the superconducting magnets, confinement building

pressure responses to large release events, and local effects of cryogen

leaks near the tokamak. These are addressed in the given order in the

•Following subsections.

System safety concerns that have occurred are contamination, large

spills to the environment, warm gas handling plant accident events, and

safety concerns over cryoplant noise levels. I discuss safety issues for

these topics in the following sections.
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4.2 Dielectric BreakdownThrough CryogenicGases

Whencryogenic helium or nitrogen is used to cool superconducting

magnets, there is a concern that a failure event might allow the liquid

coolant to warm up, change to gaseous phase, and allow an electric arc to

form between magnet leads or the coils in a magnet. There are several

sources of information on breakdown voltages needed for sustaining arcs in
i

helium and nitrogen. 4-I° to 4-15

Breakdown voltage is a functionof gas pressure. The breakdown

strengthfor helium, from Levitovet al.,4I_ for cold helium gas at

densitiesabove 30 kg/m3 and pressuresbetween0.4 and 1.0 MPa, is

over 200 kV/cm. Gerhold4-14gives the Paschen curves for helium and

nitrogen,showing the relationshipbetweengas density x breakdowngap

distance to the minimum requiredbreakdownvoltage, Nitrogen gas has its

lowest breakdownvoltageof about 4 kV at about 2E+22 molecules/m_.

These values are for clean surfaces. Fusion magnet surfaces should be

clean and free of any greasesor other Foreignmaterials. Foreign

materialswill likely decreasethe given breakdownvoltages.

m

Intuitivedesign suggestsmore solid insulatoruse, such as mylar or

kapton, in regionsof high voltagedifferenceor in close proximityto

chamberwalls for fusionmagnets, The mylar sheets,fiber epoxy resin,

kapton,or other electricalinsulationcan be used to reduce the

possibilityof electric arc occurrenceif the systemhas an off-normal

event - perhapsa magnet quench - that causes cryogenichelium or nitrogen

to change phases to gas and also drives voltages up to high values. When

there is no clearancefor extra insulationor if radiationeffects have

decreasedthe insulationvalue, smooth surfaces (no point discharge

locations)and provisionto keep cryogentemperatureslow will help reduce

the chance of arc initiation.

Another concern about arc formation is impurities or foreign materials

in the cryogenic fluid. Jaksts and Mazurek4-16 have studied the

ability of breakdown between two plates in a flowing LN2 stream when

tungsten particles are introduced in the fluid. The voltage difference

they applied between the plates is much larger than the voltage between
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pancake coils for large, toroidal fusion magnets (100 kV in the experiment

versus a few hundred volts in magnet ramp-up; superconducting magnets

should have only a few volts difference between pancakes while in steady

state operation), however, this concern should be addressed in the magnet

or cryogenic system design, An unidentified foreign material did cause a

. short circuit in one of the Tore Supra toroidal field col'Is, 4-17

Some foreign materials may not contribute to electrical breakdown between

, magnet pancakes, but they can restrict coolant flow, Filters should be

used to capture impurities in the magnet coolant. Even though such

filters can plug up, they should be employed to prevent possible breakdown

in off-normal magnet situations (when pancake coil to pancake coil

voltages can become quite large) and debris accumulation in inaccessible

locations within the magnets or cryopanel piping. Filters can be placed

away from the machine, so that they have the advantage of being accessible

for hands-on maintenance or replacement.

4.3 Confinement Building Pressure Responses to Large Cryogen Spills

' If significant quantities of liqLaid helium or liquid nitrogen escaped,

the surrounding air would be cooled, and the building internal pressure

would initially decrease. Provisions for building pressure fluctuations

must be made to assure that confinement building integrity is maintained.

While most thick-walled (2 m and larger) confinement buildings can

withstand modest internal overpressure, perhaps on the order of 35 kPa

above atmospheric pressure, 4-18 special design considerations need

to be made for internal underpressure much below 101 kPa. Confinement

building penetration seals and door seals should be examined for response

to underpressures. This must be a consideration for the building design.

An unpublished calculation for a total magnet cooling system liquid helium

release from the Fusion Engineering Device showed that the IE+05 m3

building air pressure decreased from near atmospheric pressure to 84 kPa

in 2.5 minutes, then the pressure rose up to a maximumof 45 kPa

overpressure in one hour, 4_ Somemeans of passive overpressure

protection was required to prevent confinement building breach in such an

event, Piet and Brereton discuss several means of passive confinement
4-20

building overpressure protection.
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Releasingcryogens will cause heat transfer from whatever they

contact. The liquids will boil very quickly and then begin to

pressurize. At atmosphericpressure,and room temperature(about 295 K),

nitrogen has a gas to liquid volume ratio of about 700:1, and helium has a

ratio of about 600:1.4_z Fortunately,future fusion facilities

will be large - they must incorporatea large _lay down' area to work on

parts and the buildingwill also be tall to provide heavy crane lifting
t

clearance for replacingtorus sectionsor toroidal field magnets. While

detrimentalto costs, this extra air space and the thick walls for

radiationshieldingallow for large cryogenicfluid/gasreleaseswithout

overpressurizingthe confinementbuilding. Sizing cryogenic systems so

that entire inventoryreleaseswould not lift the confinementbuilding

pressure relief valves would be a conservativesafety design approach. A

special concernto be treated for cryogenicgas releases is that the

humidity in air does not freeze on pressure relief valves or other

pressure reliefdevices, holdingthen}open after the pressure is relieved.

There are several safety concernswith these l_.rgecryogen releases.

First, a cryogenicoverpressurecould mobilize any radioactiveisotopes in

the building, such as neutron activated air, tritium gas, volatilized

neutron activation products, or tokamak dusts. For example, if liquid

helium was released due to a magnet movement that sheared lines open and

breached the vacuum vessel, then tritium and tokamak dust might be lofted

and expelled from the torus hall to the crane hall, andthen to the

atmosphere, if the building overpressure relief valves opened. 414

The cold gas would also help to keep the radioactive isotopes initially

near the ground. As the gas warmed in air, perhaps on the order of

minutes, the isotopes would be lofted. Mixed cryogen and radioactive

releases will likely have higher site boundary doses than room temperature

radioactive releases, This cold effect must be analyzed to verify if

standard dose calculation methods can be conservatively used For cryogenic

spill-driven releases.

Another safety concern is personnel protection. With a cold gas cloud

contained in the building, there is a hazard that unprotected personnel

might enter the oxygen-diluted atmosphere. There is a fairly narrow band

of acceptable oxygen concentration for humans, and while helium will rise
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in air, enough heliuni trapped irl a chamber will still present a real

threat,, 4zz The breathable air guidelines in the US are a mlnimun}

of 18% oxygen by volume4_23and no prolonged exposures above 50%

oxygen, 424 Also, oxygen should not exceed 23% by volume due to
4..25

concerns for much easier' Ignition of fires_ especially near

. electrical equipment,

4,4 Effects of Cold Temperatures on Surrounding Structures
t

Normally, liquid helium (LHe) piping or storage for fusion

applications has a liquid nitrogen (LN2) refrigerating shield within the

insulating vacuum space to further reduce heat transfer into the LHe,

Therefore, we have leakage concerns for helium and nitrogen. If liquid

helium were to leak out into the vacuum space, heat transfer from tile

ambient air would greatly increase, and there could also be condensation

and even air' liquefaction on the outer wall of the piping or storage

vessel, This liquefied air would drip off the piping or vessel, A danger

is that the nitrogen in this liquid air would evaporate first, leaving

. oxygen rich liquid behind. This is a fire hazard, as well as a heat

transfer (inleakage) problem for the original liquid helium

, system, 4I'4-2_ Gutters or catch pans should be used Lo route away

any dripping liquefied air to safe locations for vaporization.,

If liquid nitrogen or liquid heliunl were to escape from the cryogenic

piping, any mild (carbon) steel cooled down by impingemerlt or immersion

would become brittle due to its body-centered cubic .structure

nil-ductility transition, 4__-7 Therefore, no equipment near'-- above

or below - the cryogenic lines should be built with carbon steel c_r any

other material that, embrittles at low temperatures, lhis includes the

vessel supports, pipe hangers, cable trays, and any cooling water' lines.

Heat removal from surrounding structures poses a safety concern. [.v_,t_

stainless steel has contraction under LHe cold, on the o_"cler of.. 2,7 Imll_,_._,"

meter. This contraction-is significant, lhermal contraction has forced

' designers to use metal beflows, flexible lines, and a variety olr pipe bei_d

configurations so that temperature-induced flexure does not overst.ress lhc

pipelines, Contract.ion could also occur to copper electrical lines

4-5
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exposed to extreme cold, and electrical insulationcould become brittle,

Therefore,plasma diagnosticsand control systemwiring could be at risk

when placed near cryogeniclines, Electrical insulationmight become

brittleafter cryogen exposure,causinga decrease in its llfe and

possibly increasingthe probabilityof short circuits and fires,

Another concern over extreme cold temperatures Is that prolonged
d

exposure of water piping to cryogenic fluid or to very cold gas could

cause ice formation in the piping, Ice could plug the lines, or the

thermal shock to the 393 K (i[20 C) and higher piping being exposed to 77 K

or 4 K cold gas, could lead to fracture, With the combination of sudden

contraction stresses and possible pipe plugging, tile pipes may not fail,

but this would lead to the suspicion of decreased service life and then

early piping changeout, If a cooling line ruptured, it would compound the

already occurring magnet cryogen leakage accident, I have noted that the

Canadian fission reactors use a LN2 cooling Jacket to freeze plug stagnant

deuterium oxide coolant lines for maintenance work, 4z_ If a

cryogen, such as LN2, leaks during machine scheduled downtime (perhaps the

nightly shutdown), any nearby water coolant lines would probably be freeze

pluggedthe next morning, if the ITER cooling water piping is insulated,

then the heat transfer from the cryogenicgas is reduced and more time is

then availableto allow the cryogenicgas to warm up in the ambient

environrnent,4_G Piping insu'latlonfor critical areas around the

tokamakis a conservativesafety idea, although it would hamper remote

video camera visual inspectionsand perhaps remote maintenance,and might

increasethe amount of low level waste to be disposed of. This safety

trade-offmust be examinedduring the ITER EngineeringDesign Activity,

4,5 Cryogen Contamination concerns

Contamination of the liquid cryogens "is a concern for several

reasons, First, the contaminants, either gases or solids, (,:an plug up a

magnet conductor conduit, causing magnet localized overheating, Plugs can

also form in the cryogenic lines themselves, causing loss of flow events,

Next, the contamirlants can become activated, and if they circulate around

the cryogenic system, maintenance could become difficult, Another reason

is the concern over chemical reactions,
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Ii:oxygen liquefiesin LN2 or LHe, there is a small possibilitythat

it will be an oxidant, Systemsfor liquid oxygen (LOx), primarily in the

aerospaceindustry,have experiencedsuch events, Tests of centrifugal

pump responsesto pressure decreases(small breach events) in LOx systems

showed pump impellerspartiallyconsumed in LOx fires,4"_a,43°

. Other industries have also noted the possibility of bad pump bearings

overheating the aluminum impeller and causing aluminum-refrigerant

reactions, These reactions can be forceful enough to fracture tile

impeller and breach the pump casing, 4"31 Oxidant reactions are a

small concern compared to another problem with oxygen intrusion into a

fusion system,

When the amount of oxygen dissolvedinto LN2 is high, 20 ppm or more,

gamma or neutron radiationfields are likely to cause ozone creation,

Several events of this type, with ozone or nitrate explosionsoccurring,

happened in the 1960's, as discussedin Chapter 3. In fact, Chapter 3

also discussestwo more probable ozone explosionevents in the US in the

1980's. While oxygen would freeze at LHe temperatures,(freezingpoint is

. 55 K at i atmosphere pressure), it still flows at LN2 temperatures,

However, if air 'leakage into LHe, or even small air leakage into the

. insulatingvacuum, is near the source of radiation,ozone can still be

created in frozen oxygen. Ozone freezesat 80 K at atmosphericpressure,

so LHe or LN2 will freeze lt out near where it is created, allowing it to

accumulateon magnet or neutral beam refrigeratingshields, or in

cryotraps. The best known means of suppressingozone formation is to use

very high purity cryogens. LN2 with oxygen concentrationsof less than 10

ppm has been used without incidentin low level gamma irradiation
4-3_

fields, although 5 ppm or lower is recommendedfor safety in

higher irradiationField fusion experiments.4'33 Other ideas to

reduce the ozone threat are to warm and purge the system,thus sweeping

out ozone, or use filters to trap any circulatingozone. Unfortunately,

system purgingto sweep out ozone may not be practicalfor some syst.em_,

and additionalFilters increasesthe risk of "lineplugging.
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4.6 Modelling Large Cryogen Spills to the Environment

Most cryogenic systems maintain a reserve supply of cryogenic fluid,

on the order of Lens of thousands of liters, for peak demands, In the

case of fusion, perhaps a magnet quench wouId reqtvlre a reserve of LHe for

recooling the magnet, purging a system with cool gas for pre.,cooling, or

other operational demands, Storage tanks for cryogens present a safety
0

concern. In Chapter 3, we saw that several cryogenic storage tanks have

leaked their contents to the environment, and that tile chemical industry

has had many public evacuations for cold or toxic gas releases. The

ammonia treatment industry for agricultural fertilizers, liquefied natural

gas energy utilities, and aerospace industrial concerns have all analyzed

the problem of releasing a cryogenic liquid or gas cloud over land and on

water 4-34to 4-4_These approaches use tile typical gaussian plume

modeling, treating heavier than air gases. Since these clouds are

generally heavier than air, even ref'rigerated ammonia, the models are

applicable to LN2. LHe has the advantage of being lighter' than air and is

not considered a threat if released outdoors, Small LHe clouds have been

seen to initially settle because of their cold temperature, then very
quickly rise again as they warm in air, 42_

A releaseof LN2 from a storagetank, becauseof a fire, impactevent,

overpressurization,earthquake,or for any other reason, would likely form

a "pancakecloud" shape until it warms. This slumpedgas cloud shape is

characteristicof a heavier-than-airgas or cryogenictemperaturegas

release.4-41 Site specific analysiswould have to be performedto

understandthe safety implicationsof a releaseof a simple asphyxiantgas

such as nitrogen. If'radioactiveisotopesare entrained irlthe cryogenic

cloud, the gas warmup time to allow loftingwould greatly affect the

radiologicaldose at the site boundary. Many of the sophisticatedmodels

for heavy gas plumes, such as the DEnse GAs DISpersion (DEGADIS)computer

4-4! i "code, assess the potential for gas cloud explos ons rather than

simple asphyxiation. Wind speed, air temperature, location of site

building ventilation air intakes relative to the release point, and

distance to public habitations must be considered in such an analysis.

Proposed I km site boundariesfor'future fusion facilitieswould likely

provide enough distance for turbulentmixing in air to protect the public



from any det,rimenta],effectsof a large LN2 release,but this should be

verified, Supportbuildingson the fusion facility site must be protected

from nitrogen gas entry into their ventilationsystems, Another important

safety tip is to have more than one access road into and out of any

facility,so that if a plume of any kind is released (tritiumgas, LN2,

smoke from a fire, etc,), evacuatingpe¢sonnelor incoming rescue

personnelhave two options availableto try to avoid the plume rather than

be forced to drive through it, Multiple roads are generally consideredto
h

be a security problem, but it Is very importantto personnel safety to

have at least two evacuationroads in differentdirections,

4,7 Gas Handling Plant Safety

In most cryogenic systems, there are warm (room temperature) gas

handling requirements, For example, nitrogen plants generally begin by

compressing air and then separating the components, Some systems must

deal with boiloff gases. Fusion facilities have to have provisions for

gas boiloff in case of a magnet quench event. There are several safety

. concerns for the gas handling plant. These plants, such as for liquefying

nitrogen, can handle high pressure, high temperature gas, The same safety

concerns for personnel exposure exist, with the additional concern for

explosions, Pressurized systems can be quite hazardolls, A study of

simple 0.3-m diameter, 1.4-m tall, 14-MPa gas storage cylinders showed

that breaking the valve off of a given cylinder allowed it to become a

missile, crash through two standard construction brick walls, and remain

airborne for some distance before stopping, 443 Fhere are concerns

that the plant might experience energetic explosions in the compressor or

storage tanks, due to air inleakage or hydrocarbon contamination. Older

information indicates that. compressors have had explosions and fires due
4-.44

to lubricating oils, and Chapter 3 gave some compressor Fire

events. Forceful explosions could easily damage nearby equipment, such as

electrical power lines, cryogenic liquid storage tanks, or other facility

" support systems (instrument air building, cooling water pump house,

etc,). Pipe whip from broken high pressure lines could also be a

" problem. Fortunately, fusion facilities use only helium and nitrogen as

cryogenic gases, not explosive gases such as hydrogen, oxygen, ammonia,
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propane,or naturalgas. The component failurerate section gives values

for some equiFment in the warmed gas plant as well as cryogenic

components.

4.8 Noise Protectionfor CryogenicSystems

Noise in the gas handlingplant is also a personnelhealth and safety

concern. Modern ammoniagas handling plants can generate around 100

decibelsnear large compressors,4-asand I assume that nitrogen and

helium compressorsproducecomparablelevels. To put this in perspective,

a turbofan jet engine, with acoustic _reatment,generatesonly a few

decibelshigher noise level on takeoff.4-46 Noise and vibration

must be consideredin cryogenicsystem design and in the system's location

within a fusion facility.

There are probably other cryogenic safety concernsnot mentioned

here. Designersand safety analystsmust thorough]yassess the systems

for fusion magnet cooling,cryopump cooling, and radiationdetector

coolingat future fusion facilities.

4.9 SpecialCryogenic Safety Issues to Examinefor Future Facilities

Future fusion experiments,such as ITER, will use large amounts of LN2

and LHe. Therefore,the safety issues discussedhere must be examined

during an ITER safety assessment. The straightforwardissues of cryoplant

availabilityand large cryogenicaccidents,loss of coolant and loss of

flow, must be analyzed. Of the potentialsafety concerns discussedhere,

the issue of radioactiveisotopesentrainedin a large cryogen release

initiallybeing held closer to the ground because of the cold gas cloud

requiresparticularattention. The issue of a small overnightcryogen

leak causing water coolant line freezing,electricalcable degradation,or

structuralsupportoverstressshould also be examined. The effects of a

I km site boundary on large LN2 releasesmust also be verified.

4-I0



Chapter 4. References

4-I. K.D. Williamson,Jr., and F. J. Edeskuty,Liquid Cryogens,
yolume I, Chemical Rubber Company, Boca Raton, Florida,1983,
Chapter I,

4-2. M.G. Zabetakis,Safety with CryogenicFluids, Plenum Press, New
" York, 1967.

4-3. Safe Handlinq of CryogenicFluids,CGA P-12, CompressedGas
° Association,1987.

4-4. CryogenicsSafety Manual - A Guide to Good Practice,British
CryogenicsCouncil,MechanicalEngineeringPublications,London,
United Kingdom, 1982.

4-5. R.B. Scott et al., .Technoloqvand Uses of LiquidHydrogen,
MacMillanPergamon Press, 1964.

4-6. G.H. Zenner, "SafetyEngineeringas Applied to the Handling of
" Advances in Cr oey_g_qg_ni__Engineering,LiquefiedAtmosphericGases, .....

!, 1960, paper H-5, pages 291-295.

4-7. K.D. Timmerhausand T. M. Flynn, "Safetywith Cryogenic
Systems,"Advances in CryoqenicEngineering,23, 1977, paper R-2,
pages 721-729.

4-8. M.G. Zabetakis, "Hazardsin the Handling of CryogenicFluids,"
Advances in Cryogenic Engineerinq, 8, 1963, paper E-I, pages

• 236-241.

lt

"Process Hazards Control at Air Products,4-9. R.O. Ormsby,
Plant/Operations Progres____ss,!, July 1982, pages 141-144.

4-10. A. Kawashima, "Electrode area effect on the electric breakdown of
liquid nitrogen," Cryogenics, I__4,April 1974, pages 217-219.

4-11. R.A. Haarman and K. D. Williamson, Jr., "Electrical Breakdown
and Tracking Characteristics of Pulsed High Voltages in Cryogenic
Helium and Nitrogen," paper B-6, Advances in Crvo_genic
Engineering, 2__!,1975, pages 102-108.

4-12. V.I. Levitov et al., "A Study of Electric Discharges in Helium
at Low Temperatures," IEEE Transactions on Maqnetics, MAG-13,
January 1977, pages 166-171.

4-13. H. Fujita et al., "Breakdown voltages of gaseous N2 and air
" Cryogenics,I__88,Aprilfrom normal to cryogenictemperatures,

1978, pages 195-200.

4-14. J. Gerhold, "Dielectricbreakdownof cryogenicgases and
liquids,"_Cryogenics,19, October 1979, pages 571-584.

4-11



u, Ill, LL ,
,iaL ................

" IEEE4-15. J. Gerhold, "BreakdownPhenomenain Liquid Helium, ____
Transactionson Electrical Insulation,2_44,April 1989, pages
155-166.

4-16. A. Jaksts and B. Mazurek, "Particleinitiatedflashover in liquid
nitrogen,"Cryoqenics,__ m30,January 1990, pages 68-71

4-17. D. Bessette et al., "Story of Damaged BT 17 Coil of the TF
SuperconductingMagnet of Tore Supra,"Fusion Technoloqy I_99_99__0
Proceedingsof the 16th Symposiumon Fusion Technoloqy, London,
UK..,September3-7_ 1990, pages 1659-1663.

4-18. D.F. Holland et al., PotentialOff-Normal Events and Releases
for the BurningPlasma Experiment,EGG-FSP-7872,revision3, July
1991, pages 49-51.

4-19. J.L. Jones and B. J. Merrill, "BuildingOverpressurefrom
CryogenicRelease,"INEL unpublishedreport, 1982.

4-20. S.J. Piet and S. J. Brereton,Fusion Radio..a.ctivityConfinement
and Applicationto Postulated ITERAccidents, EGG-FSP-9470,EG&G
Idaho, Inc.,March 1991.

4-21. R.E. Bolz and G. L. Tuve, Handbookof Tab!es for Ap_plied
EngineeringScience, Chemical Rubber Company, Boca Raton,
Florida, 1983, page 590.

4-22. D.P. Brown and J. H. Sondericker,"OxygenDeficiency Hazard
Inducedby Helium Release in AcceleratorTunnel," I___EE__EE
Transactionson Nuclear Science, NS-30, August 1983, pages
2898-2900.

4-23. 1990-1991ThresholdLimit Values for Chemical Substances and
PhysicalAgents, and Bio]o_qicalExposure Indices,American
Conferenceof GovernmentalIndustrialHygenists,Cincinnati,
Ohio, 1990.

4-24. A.J. Finkel, IndustrialToxicoloqy,John Wright Publishers,
Boston,Massachusetts,1983, page 187.

4-25. CompressedGas Association,Safety and Accident Prevention in
Oxygen Deficientand Oxygen EnrichedAtmospheres,CGA-P-14, 1983.

4-26. H.J. Welland and G. A. Thorsen_ EG&G Idaho, Inc., cryogenic
system designers,private conversation,Novenlber21, 1991.

4-27. R.F. Barron,Cryogenic Systems,Oxford University Press, New
York, 1985, pages 13-18.

4-28. K.Y. Wong et al., Canadian TritiumExperience,Ontario Hydro,
1984, pages 23-24.

4-29. H. Bauer et al., "Fire Tests on CentrifugalPumps for Liquid
Oxygen," C_r_o___ni__c_s.,I_0.,June 1970, pages 241-248.

4-i2

• . ,r,..........



4-30. H. Bauer et al., "Fire Tests on Centrifugal Pumps Handling Liquid
Oxygen - Part 2," Cryogen!cs, I_!, December 1971, pages 469-476.

" Plant/Operations4-31. R. Stevens, "A Couple of Unusual Occurrences,
Progress, 4_, April 1985, pages 68-71.

4-32. J. Johansson, "High Purity Nitrogen Cooling System of an In-Core
Irradiation Cryostat for a TRIGA Mark II Reactor," paper E-9,

• Advances in Cr.yogenicEnqineering,21, 1975, pages 237-241.

4-33. S.J. Brereton, "ExplosionHazard in Liquid Nitrogen Cooled
• Fusion Systems,"FusionTechnoloqy,_15,March 1989, pages

833-838.

"Th4-34. C.P. Guldemond, e Behavior of Denser than Air Ammonia in the
Presenceof Obstacles - Wind Tunnel Experiments,"
Pl.ant/OperationsProgress,.5.,April 1986, pages 93-96.

4-35. G.D. Kaiser and B. C. Walker, "Releasesof AnhydrousAmmonia
from PressurizedContainers- The Importanceof Denser-than-Air
Mixtures,"AtmosphericEnvironment,_12,1978, pages 2289-2300.

4-36. W.G. May et al., "Dispersionof LNG Spills,"H_vdrocarbon
Processinq,5__22,May 1973, pages 105-109.

4-37 D.N. Gideon and A. Ao Putnam, "Dispersionhazard from spills of
LNG on land and on water," Cr.yogenics,I_Z,January 1977, pages
9-15.

4-38 G. Opschoor, "Investigationsinto the spreadingand evaporation
. " .Cryoqenics,17 November 1977 pagesof LNG spilled on water, .... ,

629-633.

4-39 M.P. Singh et al., "Estimationof VulnerableZones Due to
Accidental Releaseof Toxic Materials Resultingin Dense Gas
Clouds," Risk Ar,alysis, ll,_ 1991, pag_,s 425-440.

4-40 G. Opschoor, "Investigations into the evaporation of liquefied
" C__ryogenics, 21, May 1981 pagesgases spreading on land, .... ,

281-286.

4-41 H.R. Greenberg and J. J. Cramer, editors, Risk Assessment and
Risk Manaqement for the Chemical Process Industr__y_,Van Nostrand
Reinhold, New York, 1991, Chapter 10.

4-42 R.C. Reid and R. Wang, "The boiling rates of LNGon typical dike
floor materials,"Cryoqenics,I__88,July 1978, pages 401-404.

t,

4-43. R.H. Guymon et al., Safety !replicationsAssociatedwith In-Plant
PressurizedGas Storaqeand Distributi_o_Systems in Nuclear Power

. Plants,NUREG/CR-3551,Oak Ridge National Laboratory,May 1985.
(See also" R. H. Guymon,Nuclear Safet._,2._Z,April-June 1986)

4-44. J.J. DiNunno, "Explosionsand Fires in Compressed-AirSystems,"
Nuclear Safety,2, September1960, pages 44-49.

4-13

7



" ' . . . . "Noise in Ammonia Plants A4 45 D T Cindric and M J Hassett,
Twenty-YearPerspective",_A_moniaPlant Safety (and relate.d
fac__t]_ities),2._99,American Instituteof Chemical Engineers, 1989
pages 41-48.

4 46 J F. Groenewegand E J. Rice, rcraft Turbofan Noise,"" ' . • "Ai

of TurbO, I0__.99,January 1987, pages 130-141.

A 1_
- "1' - J. "1"



5. Suggested Failure Rates for Cryogenic Components

This chapter describes selection of suggested failure rates for

cryogenic liquid and gaseous system components. These failure rates can

be applied to specific systems designs to develop system reliabilities,

. unavailabilities, or can be used for probabilistic risk assessment

calculations. Fault tree analysis, quantified with component failure

• rates, is the primary tool for modeling systems to obtain their

unavailabilities. More accurate component failure rate values might b_

obtained from manufacturers when a fusion design progresses further.

The failure rates describedhere are generallytaken from failure

studiesof similarequipment,mainly from LNG plants and particle

acceleratorLHe systems. Reported failurerates are usuallygiven for

mature equipmentthat exhibits reasonablyconsistentbehavior;therefore,

the reported failure rates are constant values. This means that all early

failures, such as _burn-in' or 'break-in' faults, manufacturing defects,

assembly errors, installation errors, chemical/physical contamination of

• materials, use of substandard materials, poor workmanship, etc., have not

been included in the analysis to generate the failure rates. The

classical "bathtub curve", , as shown in Figure 5-i, applies to components

in this chapter. The figure shows a plot of failure rate versus operating

hours, where the early failure rate is initially very high and decreases

with time, then levels out to a practically constant value for the chance

failure rate over the majority of component operating life, and finally

the wearout failure rate increases with time in the end of life

region.5-1,s-_

Chance failuresmight be caused by insufficientsafety factors, stress

or strain conditionsthat exceed the design envelope,potential human

errors in operations,and componentmisapplications. Wearout failure

causes might be materialwear, fatigue,creep, corrosion,general

deterioration,a life of poor maintenance,or a short design

life._-I The failure rates presented in this chapter are chance, or

random, values over the useful componentoperatinglife. Error factors or

conservativeupper bounds on the failurerates are given whenever'

possible. If the failurerate itself is an upper bound, then that fact is

stated.
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Failures due to Early and Random causes

Failuresdue to Randomoauses only
(Suohfailure rates are given In this ohapter)

Failures due to Random i
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_11 EarlyLife I_ .............. Useful Life .........._,9 ..... Wearout

Operating Life, in hours

Note' Early Itfe should have testing and QA
Useful life should have D-T operations, before wearout

Figure 5-1. The reliability bathtub curve.

(Taken from reference 5-1,)
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If analysts choose to use these failure rates for risk or availability

assessment,then they are implicitlyassuming that there have been rigid

quality assuranceand pre-operationaltesting programs to eliminatethe

early or 'burn.-in'failures, They are also assumingthat there is an

adequatedesign margin in the equipmentto provide a long life span, such

. that wearout failures are not encounteredduring facilityoperation,just

'likethe design life of most,of the equipmentchosen to draw analogiesto

these fusion cryogeniccomponents.

I have not addressedcommon cause or dependentfailures in this

chapter. Many of these failuresare highly influencedby the Fusion

reactor design and spatial layout. Common causes, especiallythose from

cold cryogenrelease,must be treatedwhen adequate design informationis

available. Generafly,many common causes can be approachedusing the

standard Beta factor methods and some by explicitmodeling, such as for

internalfloods and other consequentialevents.5-3 Some human error

probabilitiesfor initiatingevent modeling are discussed in the next

section.

To give the reader some insightas to the approximateregions of the

. ear'ly,useful,and wearout life spans, I have an examplefrom the

literature. A study of 22 newly startedUS commercialnuclear power

plants showed that for the first testing period after initialcriticality

(startup),tileinadvertentshutdown (scram)rate was a factor of 5 higher

than for the 76 mature US nuclearplants. The number of inadvertent

shutdownscan be consideredto be aN indicatorof plant safety,with fewer

inadvertentshutdownsgenerallymeaning higher safety and better

operations. Sot,le of these new plants averaged less than one inadvertent

shutdowneach month. A US commercialnuclearpower plant might be in

pre-operationaltesting after initialcriticalityfor periods on average

of 8 months, while a few plants have taken two or more years. The new

plants study_4 also showed that equipmentforced outages caused an

average3 hours of downtime per 1,000 operatinghours in the first quarter

year after initialplant criticality. The equipment inducedoutages

reducedto 0.5 hours of downtimeper 1,000 operating hours by the

beginningof the secondyear after initialcommercialoperation. The new

plant study considereda mature plant to be over 4 years of the standard
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40 year power plant life,54 Therefore, I consider the early life

for the power plant equipmentto be on the order of 3-4 years (including

the B months of testing),with inadvertentoutages dropping by a factor of

perhaps6 in that 3-4 year time interval, Cryogenic systemswould

probably behave similar to nuclear plants,perhaps closer to I or 2 years

of early life. Acceleratorexperienceswith cryogenic systemsshow these

1-2 year times, and sometimeslonger,for early system life. The Large

Coil Task (LCI')magnet testing experiencefor a year showed that the

problemswith the cryogenic system,such as cryogen leaks_ air inleakage,

etc., were not fully resolved,ss Acceleratorexperiencesalso show

that these systemsrequire frequentmaintenance,but not major component

replacement. Life spans of 20 or more years are probably reasonablefor

cryogenicsystems,with good maintenanceand operationalpractices,

Acceleratorexperiencesshow that factorsof 2 to 3 or greater reductions

in early life to useful "lifefailure rates are possible for major

components. Since future fusion experimentswill have phased missions, by

the time tritiumoperation is reached, the systems should be operatingat

their constant value failurerates.
i

Someof the failure rates given here are taken from accelerator helium
m

system experiences, some from liquefied natural gas (LNG) experiences, and

some are estimated values. Cryogenic systems for each of 'these gases,

helium, nitrogen, or LNG, have their own types of liquefaction systems,

based on the ease or difficulty of liquefaction. Helium gas is usually

compressed in a large compressor, usually either a reciprocating or screw

type unit, then expanded in one or more reciprocating expansion engines

(large scale applications, in the hundreds of tons per day range, use

turboexpanders). Heat exchangers, usually plate and fin units, are used

to remove unwanted heat from the gas, then the gas is further

depressurized by a Joule-Thompson (J-T) expansion valve into a reservoir.

The effluent from the J-T valve is part liquid and part gas. A wet

expander or expansion engine is used instead of, or in parallel with, a

J-T valve for some magnet cooling systems, perhaps the 5,000 liter/hour

size and larger. Any cool gas exhausted with the product helium resides

in the upper region of the storage tank until it is circulated back into

the process stream. Pre-cooling the system with LN2 can decrease the

number of components or, more likely, the time required to produce a given
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volume of LHe.56 For turboexpanders of less than 37 kW (50

horsepower), a dynanometer can be used to dissipate the shaft energy

obtained from the gas expansion. For larger powers, electric generators,

pumps, blowers, or integral compressor loads are usually used. 57

• Some of the failure rate information I anl applying to fusion

originated from LNGfacilities. LNGsystems are more complex due to the

, variety of gases included in natural gas, In the US, LNG is mainly

methane (85 to 95%), but contains other gases, such as propane, that

liquefy at temperatures different from the freezing point of methane. A

mixed refrigerant cascade system is most often used to liquefy natural

gas. Compressors and J-T expansion valves are used to liquefy the

component gases, expanding them down to cryogenic temperatures (about

110 K at atmospheric pressure). 56

Large quantities of nitrogen are typically liquefied by a cascade

system, similar to that first used to liquefy air in the 1930_s. Several

compressor steps with intermediate cooling by cold ammonia, methane, or

. freon refrigerant are used. A final J-T expansion valve lets a mixture of

liquid and gaseous nitrogen down to a storage tank. The gaseous nitrogen

• is circulated back into the process stream. _-6 This LN2 cascade

technique is efficient but expensive. Nitrogen is sometimes liquefied and

sold as a byproduct of natural gas distribution plants, where LNG is

warmed to back into gas for pipeline routing and distribution. 5-a

I will examine major components individually. The main types of

components treated here will be those just discussed, namely,

reciprocating and turbo compressors, piping, reciprocating expansion

engines and turboexpanders, heat exchangers, electric and pneumatic

valves, pumps, storage tanks, and dewar-type vessels. Instruments for

temperature, pressure, and flow rate measurement will be treated using

data from other industries. Warmgas handling subsystem components, such

as piping, storage tanks, compressors, gas cylinders, and instruments Lo

deal with re-liquefying boiloff gases, or to make LN2 on-site, will also

be examined.
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5.1 Cryogenic Compressors

These compressors are slightly different than those units that service

needs such as power plant instrument air or breathing air, Compressors

for cryogenic systems of our interest can be large (perhaps 1,5 MWor

larger), and compress gas up to moderate pressures (on the order of 20

atmospheres). These compressors may have several stages of compression

with intercooling, followed by aftercooling, then oil removal and

filtration.

Small reciprocating helium coi_pressor (95 liters/hour, 20 atmospheres

pressure) experiences at Fermilab show that the compressor first stage has

a mean time between major failures of 1,500 hours for, the 48 units. The

failure rate is the inverse of the 1,500 hours value, if we assume small

repair times (compared to tile 1,500 hours), The second and third stages

each have a mean time between failures (MTBF) ()f 800 hours. Since this is

a series unit, we add the failure rates for eacll stage to get an overall

compressor failure rate of about 3E-O3/operating hour, I note here that
J

the authors of the accelerator papers are implicitly using the constant

failure rate assumption when they give MTBFvalues. An interesting

operations statistic is that using an LN2 heat exchanger to pre-chill the

helium in the system can allow production of LHe within 10 hours of start

up from room temperature. 5_9

The Energy Doubler accelerator helium system compressor availability

has also been discussed. For failures, the staff estimated that it would

typically take 60 hours of downtime to repair the compressor (so a Mean

Time to Repair, or MTTR, is 60 hours). Whenthe redundant, standby unit

was installed, they believed that an instantaneous switchover to the

standby unit could be performed with no system transient effects after
5-10

primary unit failure.

Literature for multi-stage reciprocating air compressors showed that

Failure rates are in the range of 4E-O6/hour to 2E-O4/hour. 511 The

larger units appear to be more reliable, according to the literature.

This may be because larger units can more easily be run at partial speeds

to meet non-peak demands, reducing piston and piston seal wear. Major LNG
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compressor (both reciprocating and turbo units) system failures have a
5-I_,

MTBFof 19,000 hours, or a failure rate of about 5E-OS/hour, if

repair time is reasonably assumed to be nluch smaller than 19,000 hours,

For the case of major gas explosions in the compressor, its downtime was

reported to be between 3 and 6 days. Therefore, downtimes for less

. catastrophic events, perhaps more on the order of the 60 hours cited in

the Fermilab paper, are probably appropriate for a fusion compressor MTTR,

Given that reported reciprocating compressor failure rates vary

between 2E-O4/hour to 3E-O3/hour, and literature values for turbomachine

compressors vary between 4E-OS/hour to 6E-O5/hour, _'II I suggest a

conservative failure rate of 3E-O3/hour should be used for small

reciprocating units and IE-O4/hour be used for' for small turbo units,

These values could easily vary by as much as a factor of 10, so I assume

an error factor of 10, The error factor for a lognormal distribution

value is the 95% upper bound failure rate divided by the median failure

rate, For this rough approximation technique, I assume the error factor

is about the same as the 95% upper bound divided by the average value,
,#

5.2 Cryogenic Piping

Piping for cryogenic fluids is usually double-walled pipe that

contains perlite or another thermal insulation in the annular space

between the inner and outer pipes. LNGapplications use perlite in a

vacuum space, L.He applications would likely use aluminized mylar in a

vacuum space. The annular space is also usually pumped down by some type

of vacuum pump to low pressures, perhaps as low as IE-03 Pa, to further

reduce heat transfer, especially for l_Heat 4.5 K, Short runs of LNG

piping may be single walled pipe with external insulating layers of

perlite, balsa wood, or even fiberglass insulation. Unfortunately, I find

that typical water-cooled fission reactor piping failure rates do not

. really apply for cryogenic pipes. Water reactor piping carries much

higher pressures (up to 16 MPa) and is thicker walled. Cryogenic piping

is insulated an(] thin walled to reduce heat, transfer from the system's

heat source, such as Lhu magnet_, to the fluid. Cryogenic pipe often has

thin walls of 2.1 mm(schedule 5) or 3 mm (schedule 10). __

Pressurized water reactor piping Is generally 5.5 mm (schedule 40) or
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7,6 mm (schedule 80). Cryogenic piping is likely to be 2 to 4 times

thinner walled than tight water reactor piping, although both may be made

of 300 series stainless steel, The LNG industry information is more

acceptable for' fusion cryogenic system applications than light water

reactor data, since the LNGmaterials are designed to be compatible with

the temperature region (about 110 K at atmospheric pressure), and account

for the special low heat transfer requirements. While light water reactor

data is accessible and has a very large data set, the piping is not

similar enough to apply these values to cryogenic systems. Another fact

to consider is that light water reactor piping may be only carbon steel

with stainless steel lining (cladding) rather than stainless steel

throughout. Cryogenic piping is generally stainless steel or aluminum,

and its failure rate will vary from that of clad pipe. f-rom LNG

experience, the piping failure rate for major failures (breaks or

_'uptures) is about 5E-9/hour.-meter, for all d')ameters, _l_ For

minor failures like small leakage, the piping failure rate ts about

6E-lO/hour-meter for all diameters, Another interesting experience from

the LNG industry is that pipe insulation has experienced many failures
L

such as cracking, moisture buildup in insulation, and insulation joint
5-12seal degradation.

m

To compare the LNGpiping experience values with nuclear power plant

piping failure rates, for pipes greater than 76-mm diameter, nuclear power

plant pipe rupture failure rates are about 3E-11/hour-meter. s13 A

more recent study sla gave a failure rate of 3E-O4/plant-year, or

about 3E-12/hour-meter (assuming 12 kln of piping per plant, see Appendix D

of reference 5-14), Compared to the 5E-9/hour-meter, factors over 1000 in

liberalism are assumed when fusion analysts apply water piping failure

rates to cryogenic piping. Fortunately, cryogenic piping runs are usually

short in length, so these variations in failure rates should not present

extremely divergent results in risk calculations.

The failure rates assumed here From LNGexperience can serve as a

basis for preliminary calculations. I recommend detailed calculations

using the Thomas methodsIs for refined piping failure rate values,

This method takes the wall t(lickness and number of welds into account,

based on the idea that more material defects are present when there is
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more material and more we'Ids. The base probabi'lity for the Th()masmethod

multiplier approach should probably be increased an order of; magnitude

fronl the water piping value of IE-Og/hour, For our purposes here, a small

"leakage failure rate of 6E-lO/hour-meter and a large leakage (rupture)

f'ailure rate of 5E-.9/hour-meter will suffice. Error factors of 100 should

• be applied to these values from the LNGdatabase report, 5[_ due to

uncertainties in the LNGsystem information gathering process.

Bellows failure rates can be set by the manufacturerts requirement on

bellows life, If a bellows design lifetime is 7,000 exercises, -_-IB

and we assume no failures over its lifetime, then a 50% Chi-square

distribution s17 for zero failures is 0.455/2(7,000): 3E-O5/demand.

An error factor of 8 or perhaps 10, should be applied to this failure

rate. Many bellows with damage by scarring and dents still meet their

design life, but those repaired by welding have been shown to have life

decreases down to 35% of original specifications. 516 This fallure

rate depends on the design life of the bellows under consideration.

• Welds in the cryogenic piping should be as carefully made and

controlled as those in a nuclear power plant because of the consequences

, of weld failure, Nuclear fission grade (N-stamp) quality as_urance may

not be needed because helium will not become radioac, tive, but high quality

must be maintained for the cryogenic system. Buende_IB has

surveyed weld reliability for fusion blankets and determined average

leakage failure rate values to use for various types of welds. These

values should apply to cryogenic systems as weil. For longiti_dinal welds,

about 6E-OS/hour..m, for butt welds, about 6E--Og/hour-weld, for

circumferential welds, about 6E-10/hour-nl, and for pipe fittings, such as

bends, etc., IE-OS/hour-fitting. These values are representative for

small leakage of shop welds, taken from fusion studies and from the

nuclear fission industry. Buende also gives multipliers to treat these

failure rates for different weld failure modes and fabrication locations.
I

Large leaks should be 0.1 x the given rates. Weld ruptures should be

IE-02 x the given rates. Maintenance welds shoL_Id be 10 x the given

rates, Field welds should be 3.2 x the given rates. This weld
5-18information is from the best discussion of weld reliability

published in the last several years, and Jt is applicable to cryogenic
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systemwelds that are as importantto safety and availabilityas blanket

welds. I assume that leakagerefers to leak rates less than 190 I/min,

and rupture refers to flows equal to the pipe's normal system flow rate.

5.3 Expansion Engines

These can be either reciprocating or turbomachine units, either gas

handling or liquid handling. Fermilab small helium reciprocating

expanders had initial runs of only 1,000 hours duration due to broken

drive shafts and bad seals. Runs lengthened to 1,300 hours between major

equipment downtimes after the shafts were repaired and only the piston

seals caused problems. Using new, Nitrile O-rings for piston seals gave

much better performance, up to 3,000 hours. S-19 This equipment

break-in period lasted about two years. As we can see from the MTBF

increase, the equipment failure rate dropped by a factor of 3 in that

time. Therefore, the constant failure rate for a small, dry reciprocating

gas expander is on the order of 3E-O4/hour. l he error factor is probably

smaller than 10 for these actual data, perhaps 3 (good data) or 5 (medium

cc_!;'idence in the data) should be used instead. I suggest a factor of 3

for conservatism because the results are from a medium size set of 48

components.

Fermilab'ssmall (95 liters/hour)reciprocatingwet expanders showed

MTBFs of 2,000 hours over the First 2 years of operation. This gives a

failure rate of 5E-O4/hour. Later improvementsin wet reciprocating

expander seals gave MTBFs of 4,200 hours, For a failure rate of

2E-O4/hour.5-1B Again, I suggestan error factorof 3.

Recent work on turbomachinereliabilitysuggests that the axial flow

turbomachinesas a class performmuch more reliably than their

predecessors,the reciprocatingpiston units. Continuousduty run times

of years between maintenance outages have been achieved, with strides as

long as 10 years between major overhauls, s-2° Therefore, I suggest

that a new fusion facility, needing large quantities of cryogens

(thousands of liters per hour, or kilowatts of heat removal) for magnet

cooling, should take advantage of newer, more reliable turbomachine

technology.
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For axial flow air and oxygen turbocompressors, failure rates of about

5E-O5/hour are given in the literature. _11 For guidance, I

consider this to be a conservative estimated failure rate for wet and dry

cryogenic turboexpanders. An error factor of 10 is appropriate for these

units, since no error factor is reported in reference 5-11. Typical

- repair times on the order of 18 hours were cited for this equipment:

, 5.4 Heat Exchangers

LN2 or LHe cryogenic heat exchangers can suffer from small inleakages

of air, which freezes and begins to plug up flow in the units, as seen in

LCT experiences discussed in Chapter 2. They can also suffer large

leakages to the atmosphere or through the plates to the opposite fluid.

LNGplate and fin heat exchanger experience gives a major failure rate of

6E-O6/hour, and a minor failure rate of about IE-O5/hour. Major failures

are those requiring over 24 hours of downtime, or else they are considered

as major accidents. Minor failures require repair, but keep the plant

down less than 24 hours, s-12 These values are adequate to apply to

other cryogenic heat exchangers because of similar design styles and also

that the design choice of low temperature compatible materials has been

' performed. Error factors of 100 should be used with these values.

5.5 Cryogenic Valves

LNG valve experience with external leakage and freezing in an open

position gives a failure rate of about 6E-O7/hour. Minor failures,

typically small leaks, have a failure rate of 3E-O6/hour. Both of these

values have an error factor of 100. _I_ I find these valve failure

rates to be lower than I expected. Also, R. Callis 5-21 of the

DIII-D experiment has suggested that some of these valves can only be

exercised perhaps 10 to 100 times before they significantly leak past the

seat because of seat scarring and deterioration.i

I suggest, in this case that light water reactor valve information be

used for these cryogenic components, since it will be conservative. Also,

conservative values will be used to address the leak-past-the-seat

opel'ating concerns. From fission experiences, motor operated valve
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failure rates are on the order of IE-O3/demandfor failure to operate, and

IE-O4/demandfor plugging up (failingto remain open), with error factors

of 3.s'13 Also for conservatism,I will use the 6E-OT/hour for an
5-12

external rupture failurerate from the LNG data, since it is a

factor of 60 larger than the light water valve failure rate for that

failuremode. The fission reactor value for check valve leakage past the

seat is given as 3E-O7/operatinghour,513 but due to the

differencesbetweenactuated valves and the concerns over cryogenicvalve

seat durability, I suggestusing 3E-O3/operatinghour for cryogenic

servicemotor operated valve leakage past the seat. Pneumaticor air

operated valve failure rates are on the order of 3E-O4/demandfor failure

to operate, and the same values for plugging up, rupture, and leakage past

the seat as given above. An error factor of 5 should be applied to these

values, These valve failurerates are factorsof 300 and higher than the

LNG valve experiencevalues, but are much more reasonable for

order-of-magnitudedata when one considersthat the type of operations

(numberof demands,etc.) at a fissionplant will be closer to a fusion

cryogenicsystem than that of LNG facilities. Also, the LNG component

failure experiencereportdid suggest that the questionnairesmight not
5-12

have been filled out accuratelyfor valves.
I

Cryogenicoverpressurerelief valve failure to open rates from

acceleratorhelium system experienceare IE-O2/demand°5-22 I

suggest an error factor of 5 for this value. Reasons for this high

failure rate i,_rethat the valves would get pluggedwith foreignmaterials

from the helium coolant in the magnet cases, from materials loose within

the magnet cases, and valve faults. This is a good example of actual

operationsexperienceamending a failure rate. For example, a spring

loaded safety relief valve failure rate for failing to open might be

IE-O5/demand,and prematureopeningmight be IE-OS/hour for a light water

reactor,s-13 I also assume relief valve body ruptures are about the

same value as the LNG valve external leakagerate, at 6E-O7/hour. That

assumption is conservative,since relief valves are usually smallerthan

process valves and thereforehave a somewhatsmaller chance of material

flaws included in them during manufacture.
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5.6 Cryogenic Pumps

The LNG study5"12gave a major failure rate for centrifugal

pumps of about 3E-O4/hour,with most failures being in the bearings and

the drive motors. I assume that this failure rate is in the failureto

run category. Failureto start on demand was not covered, since LNG

facilitiestypicallyoperate in a continuousmanner. Therefore, I assume

a fissionreactor value for pump failure to start on demand on

3E-O3/demand,with an error factor of 5.5.23 LNG minor failures had

a failurerate of about 2E-O5/hour,which I assumedmeant running in

off-normalparameters,typicallyunderspeeding. I assume that pump casing

breach failures have a failure rate of IE-Og/hour,with an error factor of

30.5-24

5.7 PressurizedCryogenicLiquid StorageTanks

Failuresof these large tanks can have great consequences,as

discussed in Chapter 3 for the NASA storage tank failurethat released

2,755 m3 of LOx. Storage tanks for LNG and LPG have been examined

For their accident consequences,and will be discussedin the next

, chapter. Briefly, the breach failurerates appear to be on the order of

IE..06to IE-O7/year.s-25 These very low failure rates are intended

to indicatethat there is very low risk from the storagetanks. Indeed,

with concrete bund walls and some tanks themselvesbeing made of

cryogenicallystable concrete,they are very solid structures,capable of

withstandingnormal operationalevents, such as overpressure. For

earthquakes,a large storagetank breach failurerate of IE-O4/year is

suggested.5_5 If a fusion facilitystorage tank is made of

concrete and protectedas these tanks are, then these LNG tank failure

rates should apply to the fusiontanks.

5.8 Cryogenic Instrumentation
o

Typical instrumentsfor cryogenicsystems are liquid level indicators,

general pressuretransducers,venturigauges for flow measurement,silicon

diode temperaturedetectors,and cold cathode gauges for vacuum

measurement. S-26 I rely on NASASaturn rocket part experiences for
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some of these fai_ure rates,s'27 Using the failurerate modifiers

for liquidhelium temperatures,liquid level sensor failure rates are:

incorrectoutput,2E-O3/hour;no output, 6E-O4/hour;and erratic

indication,4E-O5/hour. These values have an error factor of 2. Pressure

transducerfailure rates are: low output,8E-O3/hour;high output,

7E-O3/hour;erratic output, 6E-.O3/hour;and external leakage, 7E-O4/hour._

Again, these values have an error factor of 2. Turning to other data

sources, flow-indicatorcontrollersfor an ammonia plant have a failure ._

rate of 2.SE-O1/year(and we can assumeyear round operation,or about

3E-OS/hour).5-2B In comparisongenericfailure rate data for all

types of flow measurementdevices is 6E-O6/hour (reference5-12, page

573). I suggestusing iE-OS/hourwith an error factor of 10 to account

for possibleventuri plugging and any low temperatureeffects in the

instrument. I anticipatethat silicondiode temperaturedetectorswill

have operationalproblems due to impuritiesin the flow stream, such as

metal shavings,noncondensiblegases, etc. Typical silicondiode failure

rates are on the order of iE-O6/hourfor short circuits, intermittent

circuits,and open circuits,s-29 To accountfor the rest of the

instrumentand the low temperaturec_ffects,I suggest a failure rate of

IE-OS/hourwith an error factor of 10. Cold cathodegauges, or Penning

gauges, are rather simple devices. They consist of anode and cathode

arranged in a low strength permanentmagnet field,s-3° Such simple

meters should not have many failuremodes, and should be reliable. Of

course,these gauges cannot be used near the fringe field from the fusion

magnets. I suggest a failure rate of iE-.O3/yearfor these gauges, since

this failurerate is the mid-pointof the range of events commonly

regarded as unlikely events. For a continuouslyoperating unit (as we

would find in a cryogenic system becausesignificantdowntimesare

realizedwhen warming and cooling the system) the failure rate would be

about IE-O7/operatinghour. I also assume a conservativeerror factor of

10 for the cold cathode gauge failurerate.

5.9 Gas Handling Plant Equipment

°

The warm gas handling subsystemduplicates some of the same equipment

from the cryogenictemperatureside of the plant, namely compressorsand

storagetanks. Another componentto consider here is the gas storage
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cylinder. These steel cylinders generally have a 24 year imposed life, to

keep wall thinning from creep due to pressure loads and internal corrosion

problems from causing a breach event, s31 If we consider that these

cylinders are maintained weil, cleaned regularly, and handled carefully,

then the assumption of no failure over service life is reasonable.

. Therefore, using a 50%Chi-Square distribution 5-17on zero failures

and 24 operating years giv_,i,_'_0,_455/2(24 years) = 9.5E-03/year, or about

IE-02/year. A 95% upper _,:_t,(1}dj'i'ailure rate would be 3,841/2(24 years) =
8E-02/year.

Other warm gas handling plant component failure rates have been tak,en

from the literature on natural gas, and ammonia facilities. While these

failure rates are not from the exact same equipment, they are from the

correct industrial application of gas handling, and serve in analogou,

functions in their respective plants. These failure rates are indicaLive

enough for our fusion facility order-of-magnitude analyses. The warm gas

plant component failure rates are given in Table 5-I.

, 5.10 Unpressurized Storage Containers

, Small 'dewar' cryogenic storage containers are simply unpressurized,

insulated containers to limit the amount of heat inleakage boiloff.

Larger cryogenic cont,,_iners, usually referred to as cryostats, generally

utilize pressure to suppress boiling. The cryostat containers are

actually only as good as their ability to maintain an effective vacuum

insulation space. Once that space is filled with either the cryogen or

air, heat transfer into the inner vessel increases and boiling can no

longer be suppressed. Therefore, since failure of either the inner or

outer wall will fail the unit, the failure rate for either the inner

chamber or the outer chamber (whichever is larger) is used fo'r the entire

cryostat.

For dewars, Tantam_-34 states that the vacuum space between

chambers lasts 7 years or perhaps longer. If we consider that these

dewars are well cleaned and maintained, do not form ice plugs, are not

abused, etc., then a 50% Chi-square distribution failure rate with zero

faults in seven years is 0.455/2(7 years) = 3E-02/year. The 95% upper
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TABLE 5-I. WARM GAS PLANT ORDER-OF-MAGNITUDECOMPONENT FAILURERATES

APpLICAB_LE_TO_FUSIONFACILITIES

Error

Componen_t_De_scription.......... Z_al]urerate _ B_e_f__e_C__D_G__

Gas-operatedshutoff valve, 0.2/year 3 5..32

fail to operate

Turbine flow meter (readshigh or low) O.06/year 3 5-32

Resistancetemperaturedetector O.07/year 3 5-32

(reads high or low)

Pressure transmitter(reads high or low) 0.2/year 3 5-32

Gas densitymeter (reads high or low) O.06/year 3 5-32

Processcontrol computer system 100/year 3 5-32

fail to operate

Gas compressor (assumedto be turbo unit) 5E-O3/hour 3 5-32 '

fail to operate

Solenoid valve, fail to operate 5E-O2/year 5 5-28

Control valve, fail to _perate 3E-O2/year 5 5-28
E

Uninterruptiblepower supply system 3E-O2/year 5 5-28

fail to operate

Large compressor,fail to operate 5E-O2/year 5 5-28

(assumed to be turbo unit) ,,

Gas Piping, all diameters, catastrophic 2E-11/hr-m 4 5-33

failure (taken from naturalgas pipe data) =-

Piping connection leakage 6E-O7/hour 4 5-33
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bound failure rate is 3.841/2(7 years) is about 3E-OI/year. Considering

some of the abuse that these dewars survive when subjected to rigorous

testing, this is a conservative failure rate. s-3s

For large metal cryostats, I assume that they are built similar to low

. temperature, unfired pressure vessels used in the chemical industry. A

reliability survey of these and other thin walled, unfired pressure

vessels s'36 shows that an average failure rate for breaches isP

iE-O3/year, under normal service conditions. An error factor of 4 appli_,_,

to this failure rate. Seismic responses must be judged separately, if

the cryogenic cryostat has many penetrations, such as those with flexible

bellows, then the failure rate of penetrations must be assessed. Also, if

the cryostat Is not thick walled or robust enough to handle small pressure

transients, therl the IE-O3/year value may be too liberal.

Large, thick-walled concrete cryostats, are very similar to the LNG

storage tanks mentioned in section 5.7. Therefore, an order-of-magnitude

breach failure rate for such a Lank in a fusion facility is probably

- iE-O6/year, without consideration of' seismic, impact, or crane operations

induced failures.

Table 5-2 gives a summary of the failure rates cited in this chapter

for cryogenic components. These failure rates can be used for fusion

cryogenic system risk assessment, reliability analysis, design trade-off

studies, and availability analyses, able 5-3 gives some average hands-on

component repair times from the referenced accelerator discussions and

other data sources.
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TABLE 5-2, SUMMARYOF ORDER-OF-MAGNITUDEFAILURERATES FOR CRYOGENIC

SYS.TEMCOMPONENTS.APPLICABLETO FUSION FACILIT!E_S.....

ComponentDe_scr!ption . F_a]!IJreRate • Error_Eactor

Small reciprocatingcompressor

all failuremodes 3E-O3/hour 10

Large reciprocatingcompressor

all failuremodes 5E-O5/hour I00

Large turbo-compressor

all failuremodes IE.-O4/hour I0

Small, dry reciprocatinggas expander

all failuremodes 3E,,O4/hour 3

Small, wet reciprocatingexpander

all failuremodes 2E-O4/hour 3

Axial flow turbo-compressor 5E-O5/hour 10

all failuremodes

Plate and fin heat exchanger

major failures (breach) 6E.-O6/hour 100

minor failures (leakage) IE.-O5/hour 100

Motor-operatedvalve (all sizes)

Fails to operateon demand IE-O3/demand 3

plugging IE-O4/demand 3

external rupture , 6E-O7/hour 5

leak past the seat 3E-O3/hour 5

freezing up in position 6E-O7/hour 100 ,

Air-operatedvalve (all sizes)

fails to operateon demand 3E-O4/demand 3

plugging IE-O4/demand 3

external rupture 6E-O7/hour 5

leak past the seat 3E-O3/hour 5
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TABLE 5..2, SUMMARYOF ORDER-OF-MAGNITUDEFAILURE RATESFORCRYOGENIC

SYSTEMCO_M.PONE_TSA_APPL!C&BLE__OFU.SIONFAClUT_!ES (Continued]_

Component Desc_r_it___ ___F_te Error Faco!Lg_iL_

Pressure relief valve (all sizes)

. fail to open on demand IE-O2/demand 5

external rupture 6E-OT/hour 5

, premature opening I E-05/hour 3

Motor-driven centrifugal pump (all sizes)

fail to continue to run 3E-O4/hour 100

fail to start on demand 3E-O3/demand 5

fail to run at rated speed 2E-O5/hour 100

external breach failure iE-Og/hour 30

Large cryogenic storage tank breach IE-O6/year 10

Liquid level sensor

incorrect output 2E-O3/hour 2

no output 6E-O4/hour 2

. erratic indication 4E-O5/hour 2

Pressure transducer

low output 8E-O3/hour 2

high output 7E-O3/hour ' 2

erratic output 6E-O3/hour 2

external leakage 7E-O4/hour 2

Venturi flow meter, all modes IE-Ob/hour 10

Silicon diode temperature detector

all failure modes IE-O5/hour 10

Cold cathode vacuum gauge

all failure modes IE-O7/hour 10

Steel gas cylinder breach IE-O2/year 8
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TABLE 5.2. SUMMARYOF ORDER-OF-MAGNITUDEFAILURE RATES FOR CRYOGENIC

s__sTEM COMPONEN_S__TO _FU_ION_FAC,IL!.T]_FS___(Continued_).....

C__gn!!_on_ntDescr!ption _ _..... _ et____E_]C]C_Q.r_._F_II.q___Q!I_

i

Insulateddewar boils dry 3E-OZ/year 10

Metal cryostat inner or outer IE-O3/year 4

shell breach

Concrete cryostat breach IE-O6/year 10

Cryogenicpipe (alldiameters)

breaches 5E-Og/hour-m I00

Ieakage 6E-10/hour-m I00

Metal bellows breach failure 3E-OS/demand 10

(basedon 7000 operatingcycles)

Weld, small leakage failure

Longitudinalweld 6E-OB/hour-m 5

Butt weld 6E-Og/hour-m 5 '

Circumferentialweld 6E-10/hour-weld 5

Pipe fittingweld IE-OB/hour-fitting 5

Note: gas handling plant componentfailure rates are given in lable 5-I

Weld multipliers:large leak failure rate is 0.1 x given values,

field weld failurerates should be 3.16 x given values, and

maintenancewelds should be 10 x given values. Weld ruptures

should be IE-02 x the given values. I estimate that small leaks

can range from drops per minute to 5% of pipe flow, or 190 I/min,

whichever is larger. Large leaks likely range from 5% up to 50%

of pipe flow, and ruptures are taken to be 100% of pipe flow.

- 5-20



TABLE 5-3, TYPICAL HANDS-ONCOMPONENTREPAIR TIMES FORCRYOGENIC

COMPONENTSWITH APPLICABILITY TO FUSIONFACILITIES

.E_quipmentitem to be __d _ R_epai_rtinle,hour_ B#_f__i___
w

Small cold box 146 5-I0

, (warmup, entry, and cooldown)

Cryogenic transfer line I 5-10

wel reciprocatingexpander I 5-10

dry reciprocatingexpander I 5-10

Plug leaky heat exchanger u-tube 0.I 5-I0

Compressor 60 5-I0

Recoveryfrom a gas

, explosion in a compressor 3 to 6 days 5-12

Air compressor 18 5-11
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6. CryogenicSystem InitiatingEvents for Fusion Facilities

This chapter gives a summaryof publishedrisk assessment initiating

event (IE) frequencyinformationrelating to cryogenicsystems. This

informationis from superconductingmagnet cooling system safety

assessmentsand safety analysesperformedfor other industries. Chapter 5

gave suggestedcomponentfailure rates for analyststo use when building

IE fault trees. IEs are the initialfailureevents that lead to an

undesiredsystem or facilitycondition,such as release of radioactive

materials or destructivereleaseof energy. As in other chapters, other

industry information,such as that from liquefiednatural gas (LNG),

liquefiedammonia, and liquefiedpetroleumgas facilities (LPG),has been

reviewed along with magnetic fusion safety work to compile the information

discussea here.

These frequenciescan be used as initialnumbers in a scoping study of

the risks from possiblehazards. IE frequenciesfor large scale

industrialoperationsshould be larger than those for a fusion facility's

. more modest operations. A large LNG facilitymight handle 100 to 1,000

tons/day,while a fusion facilitymight handle quantitiesUP to 100 tons

of LHe/day. Fusion LHe systemswill be operatedmore in the refrigerating

mode, removing kilowattsof heat from the magnets (without continuous

liquefication). A fusion facility'sLN2 needs are likely to be higher

than LHe, but also in the heat removalB1ode. The LN2 might be allowedto

boil and be re-liquefied. Later, when detailedsafety work is done for

fusion,the initiatingevent values given here can be used for comparison

to the calculated IE frequencies,to providea check against other,

independentwork from other industries.

Table 6-I gives order-of-magnitudeIE frequenciesreported in the

literature. These values can be used for fusion facilities. I have

assumedthat the varietyof cryogenic systemsare similar enough in design

to fusion facilitiesthat the IE values reported for these different

industrieswill be indicativeof conservativefrequencymagnitudes for

fusion facilities. All industriesusing cryogenicfluids need to take

similardesign precautions,such as retardingheat transfer into the fluid

by insulationand optimizedpipe design. Cryogen transfersto trucks or

rail cars will also likely be similar for all facilities,except for the
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TABLE 6-I. CRYOGENICSYSTEM INITIATINGEVENT FREQUENCIESFROM

VARIOUS INDUSTRIESAPPLICABLETO FVSION

InitiatingEvent Description E_eQuency Reference_

Large LHe magnet coolant loss-of-coolantaccident iE-O4/yr 6-I

Loss of fusion magnet insulatingvacuum 3E-O3/yr 6-2

Cryogen terminal spills and incorrecttransfers IE-,O6/yr 6-3

(assumeerror factor of 10) to

IE-O7/yr

Primary failureof refrigerated

cryogen storagetank IE-O7/yr 6-4

Failureof refrigeratedcryogen storagetank

due to overfill IE-10/yr 6-4

Refrigerated cryogen storage tank collapse due

to vacuumcreation inside tank IE-15/yr 6-4

Inadvertentgaseous releasefrom rail car

during unloading (assume1500 cars/year) IE-O6/car 6-5

Driver moves cryogen truck while it is still

connected to unloading arm, following completion

of unloading, a large release results (assume

1000 trucks/year) IE-O4/truck 6-5

Cryogen release from truck unloading arm if

truck shifts position while still connected

(medium release, 1000 trucks/year) IE-O5/truck 6-.5
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TABLE 6-I. CRYOGENIC SYSTEM INITIATINGEVENT FREQUENCIESFROM

VARIOUS INDUSTRIESAPPLICABLETO FUSION (continued)

Initiat.i.nqEvent Description Frequenc,yReference

Refrigeratedcryogen storagetank farm failures IE-O6/yr 6-6

from events within the plant to

. IE-O7/yr

Refrigeratedcryogen storage tank farm failures

from events outside of the plant (.earthquake, etc.) iE-O4/yr 6-6 '

Storage tank farm events (for 18 tanks)

drainage spill, not followingprocedure 5E-O3/yr 6-7

Tank overfilling IE-O1/yr 6-7

Tank instrumentconnectionbreakage IE-O4/yr 6-7

cryogenleakage from flangedjoint iE-O2/yr 6-7

cryogenleakage from pump seal 2E-O2/yr 6-7

US cryogen spill incidents IE-O5/hr 6-8

cryogen plant small fires 4E-O6/hr 6-8

cryogen truck loading and unloadingspills 2E-O7/hr 6-8

(truckvalue estimated from a Chi-square

distributionon zero large failures)

cryogen pipework failure (over whole refinery) 5E-O3/yr 6-9

cryogen tank serious fatigue failure 2E-O4/yr 6-9

cryogen tank overpressurization by overfilling IE-O4/yr 6-9

Cryogen tank car derailment IE-O6/km 6-9

probability of overturning, given derailment 0.2 6-9

Tank truck road accident involving spill 2E-O8/km 6,-9



wide variance in the number of transfers per year. Error bounds are not

typicallyreported, since these values should be conservativeupper

bounds.

Some of the IE frequenciesgiven in Table 6-I are very low.

Frequencieson the order of IE-10/year are not credible values. Such low

frequenciesare meaningless,unless the authorsare trying an indirect

means to illustratethat concern is not necessaryfor the particular

event. I suggeststating such facts in the text, not by using an

extremelylow value. Such low frequenciesare not meaningful and can

damage the credibilityof the entire analysis.

A failure modes and effects analysis for an MHDexperiment gave some

qualitative initiating events. These were loss of insulating vacuum,

failure of relief valves to open on overpressure (causing burst disks to

open and risking an explosion due to liquid oxygen condensation),

refrigerating shield overfill, pipe rupture, and high pressure gas

explosions.B-l°

Other events I noted in Chapter 3 that should be consideredfor

inclusionas IEs are ozone explosions,control system errors, and human

errors. Since attentionhas been given to ozone explosions,and reasons

for their occurrence are known, I assume that these events can only occur

with a low frequencyat future fusion facilities. I will set a point

estimate IE frequencyof IE-O3/year,with an error factor of 10, on ozone

explosionevents, since that is the midpointof the probabilityrange

generallythought of as unlikely events.

I noted small discussionsof control system errors and problems in the

literature. Fermilabexperiences showed that large cryoplantcontrol

systems cou_Idcause about 10-15 hours of downtime per month,B-12and

LNG terminal experiencesshowed compute_ control system outage frequencies

of 100/year.6-13

Human errors in LHe cryoplant operationshave also been noted at

Fermilab.8-12 These were said to accountfor a few hours of system

downtime each month. As a first attempt at estimating human error
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probabilities,I refer to the SystematicHuman Action Reliability

Procedure(SHARP).614 This proceduregives coarse estimates,

usuallyoverestimates,of human reliabilityfor a variety of tasks,

accountingfor the task difficulty. SHARP estimatesare usually very

conservative,but they suffice until such time as detailed human factors

,_ Task Analysis can be performedusing operator interviews,operating

procedurereviews, and other similar information. For a new system, I

• assume a SHARP 'rule based' midrange error rate of IE-O2/demandfor

unusual actionswhere the operatormight place the system in a detrimental

condition. As the operatorsfamiliarizethemselveswith the system, this

value should be reduced to a SHARP 'skillbased' midrange error rate of

IE-O3/demand. I assume that operator errors which can place the cryoplant

in jeopardywill be blockedby the computer interlocksystem, but, since

it could also fail, I assume a conservativeIE frequencyof iE-O2/yearfor

operator errors harmful to the cryoplant. Maintenanceerrors should be

discovered by system checks or tests prior to returningthe system to

operation, so I will assume an IE frequencyof IE-O3/yearfor significant

maintenanceerrors. These maintenanceerrors are those that endanger the

" system, such as allowing system breaches to the building to occur.
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