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SUMMARY

PacificNorthwestLaboratory(PNL)(a)and Boeing AerospaceCompanyare

jointlydevelopinga process to clean metal parts using a supercritical

solvent. This work is part of a collaborativeeffort by PNL, Boeing,Inland

Technology,Los Alamos National Laboratory(LANL),Sandia NationalLaboratory

(SNL),and other industrialpartnersto address issues inhibitingthe rapid

commercializationof SupercriticalFluid Parts Cleaning (SFPC).

During FY 1992, PNL assembleda SFPC test stand to observethe relation-

ship betweenthe fluid dynamics of the system and the mass transferof a con-

taminant from the surfaceof a contaminatedmetal coupon into the bulk fluid.

The bench-scaletest stand consistsof a "Berty'°autoclavemodifiedfor these

tests and supportinghardware to achievesupercriticalfluidsparts cleaning.

The Berty autoclaveis a medium pressure,high-temperature,fixed bed auto-

clave fittedwith a shaft driven impellerand heaters.

Three separatesets of tests were conductedusing supercriticalcarbon

dioxide. For the first two tests, a single stainlesssteel couponwas

repeatedlycleanedwith organic solventsto remove surfaceresidue,doped with

a singlecontaminant,and then cleanedin the SFPC test stand. Contaminants
®

studiedwere Dow Corning 200 fluid (dimethylpolysiloxane)and Castle/Sybron

X-448 High-temperatureOil (a polybutane/mineraloil mixture). A set of

5-minute cleaningruns was conductedfor each dopant at variousautoclave

impellerspeeds. Test resultsfrom the first two sets of experimentsindicate

that precisioncleaningfor difficult-to-removecontaminantscan be dramati-

cally improvedby introducingand increasingturbulencewithin the system.

30% more contaminantwas removedduringturbulentconditionsfor both

contaminants.

Metal couponsthat had been previouslydoped with aircraftoil at Boeing

AerospaceCompany'scriticalcleaningfacilitywere used in a third set of

tests. The couponswere placed in the SFPC test stand and subjectedto

(a) Operated for the U.S. Departmentof Energy by BattelleMemorial
Instituteunder ContractDE-ACO6-76RLO1830.
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differenttemperatures,pressures,and run times at a constant impellerspeed.

The cleanlinessof each part was measuredby OpticallyStimulatedElectron

Emission (OSEE). Resultsfrom the third set of tests show that levelsof

cleanlinessattainedwith supercriticalcarbon dioxidecompare favorablywith

solventand aqueouscleaninglevels.

In general,the resultsof these tests show cleaning efficiencycan be

substantiallyimprovedby making relativelysmall changes in systemdynamics.

Significantenergy savingscan be realizedby taking advantageof these

changes. With furtherstudy, quantifiablerelationshipsbetweensystem

dynamicsand cleaningefficiencycan be made and energyefficientSFPC systems

can be designed.
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INTRODUCTIO.N

Degreasingis an essentialmanufacturingprocess,particularlyin

industriesfabricatingor assemblingmetal parts. Degreasingis widely used

to remove oil and oil-bornesolids from parts rangingfrom transistors,

precisionequipment,and printed-circuitassembliesto large aircraftand

automotiveparts. Degreasingis used as both an intermediateprocess,where

gross cleaning is needed for ease of production,and a final production

process,where precisioncleaning is requiredbeforepainting,bonding,or

plating.

Critical cleaningis contaminantremovalto the pg/cm2 level where

surface films are measuredto within a few angstroms. Parts requiring

critical cleaningincludegyroscopebearingsurfaces,computerdisk surfaces,

and precisionelectronicand opticalparts. Criticalcleaningtypically

involvesseveralrinses in an appropriatesolventwhere very little or no

solventresidueremainson the surfaceof the part being cleaned.

Chlorofluorocarbons(CFCs)have been widely used for precisioncleaning

of metal parts, circuit boards,and other equipment. CFCs are inert,pure

solventsthat leave very little residueon the surfacesof the parts being

cleaned. However,the productionof CFCs is graduallybeing phasedout

accordingto the 1987 Montreal Protocolagreementdue to concernsabout

stratosphericozone depletion.

Hydrochlorofluorocarbons(HCFCs)have been proposedas a substituteto

CFCs. However, at the 1990 London environmentalsummit,the MontrealProtocol

agreementwas amendedto restrictHCFCs. The new agreementcalls for using

HCFCs only when other, less ozone-destructivealternativesare not available.

The new agreementalso calls for the completephasingout of HCFCs by 2020.

Aqueousemulsion cleaning (AEC) is one alternativeto the use of CFCs

and HCFCs which does not use chlorinatedor ozone depletingsolvents.

However, aqueouscleaningmay not be a suitablealternativefor many cleaning

applicationsdue to the difficultyof completelyeliminatinga surface

residue. Use of AEC solventssuch as detergents,turpenes,and ethanolamines

can also present serioushealth and safetyrisks to cleaningsystemoperators



(

due to known or suspectedtoxicities. Also, becausecleaningefficiency

deteriorateswith loading,AEC solvents,CFCs, and HCFCs must either be

regeneratedor disposed of when cleaningobjectivescan no longer be met

because solventloading is excessive. Althoughthe residual from solvent

reclamationcontainsmostly oils and oil-borneparticulates,it frequentlyhas

to be disposed of as a hazardouswaste becauseof the presenceof the solvent.

An attractivealternativeto vapor degreasingand AEC is precision

cleaningwith supercriticalfluids. Supercriticalfluids parts cleaning

(SFPC)makes use of the unique solvent characteristicsof fluids near and

above their criticalpoint to remove contaminantsfrom the surfacesof metal

and possibly plasticparts. Supercriticalfluids approachthe density and

solvatingpower of the fluid in the liquid phase while maintainingthe viscos-

ity and flow characteristicsof the fluid in the gaseousphase. Thus, super-

critical fluids typicallymaintainviscositiesan order of magnitudeless and

diffusivitiesan order of magnitudegreater than liquidsof similardensity

[McHughand Krukonis 1986]. These propertiescan be dramaticallymodified by

slight changes in fluid density,which is a strongfunctionof changes in

pressure and temperaturein the near-criticaland supercriticalrange. For

any particularcontaminant,a slightdrop in solventpressuresignificantly

reducesthe solubilityof that contaminantin a supercriticalfluid. There-

fore, it is possibleto solubizea mixture of contaminantsfrom the surfaceof

a part and then selectivelyreclaim,throughslight variationsin pressure,

each individualcontaminant. By droppingthe solventpressure far enough,all

contaminantscan be separatedfrom the solventand the solventcan be

reclaimedfor reuse.

Supercriticalcarbon dioxide is especiallyattractiveas a solventfor

SFPC. Carbon dioxideexists naturallyas an environmentallysafe, non-

flammable,inert gas which, except in extremecases, poses no threat to

exposedpersonnel. Carbon dioxide is also readilyavailableand relatively
0

inexpensiveto use. The critical temperaturefor carbon dioxide is 31C, and

the critical pressureis 73.8 bar [1070 psi]. Above the criticaltemperature,

it is not possible to compressthe fluid enough to force the formationof a

liquid phase. At or near the critical pressure,densityof the fluid becomes



very pressuredependent;a pressure increaseof 50% can producea four-fold

density increase[Motyl 1979].-Therefore,supercriticalfluids such as carbon

dioxidecan be compressedto near liquid-likedensitieswhere they can display

good solventproperties.

The use of supercriticalfluids as alternativesolventshas been of

interestfor many years. The phenomenaof increasedsolubilityin super-

critical fluids comparedto gases is becomingwell known. However,developing

large-scaleapplicationsrequires knowledgeof mass transferrate parameters

as well as solubilityinformation. Developinglarge-scaleapplicationsalso

requiresthe scalingup of preliminarytest runs done in small-scaleequipment

which may or may not be geometricallysimilar. To avoid scale-upof SFPC

systemsfrom strictlyempiricalinformation,engineeringdata linkingsystem

performancewith process parametersare needed. These data will ultimatelybe

used to reduce the risk of scale-upby providingthe design engineer(s)with

empiricalcorrelationsbetweeneasilymeasured or estimatedprocess parameters

(flow rate, density, pressureand temperature)and a performancebased vari-

able (mass transfer rate).

PacificNorthwestLaboratory(PNL),togetherwith Boeing Aerospace

Company and InlandTechnology,is developinga processto clean metal and

perhaps plasticparts using supercriticalfluid solvents. This projectis

part of a collaborativeprogramthat also includesLos Alamos National

Laboratory(LANL),Sandia National Laboratory(SNL),and other industrial

partnersto addressthe technologydevelopmentissuesthat inhibitrapid

commercializationof SFPC.

During FY 1992, PNL assembleda bench-scaleexperimentalsystem and

conductedexperimentsto determinethe effectsof systemparameterson SFPC

efficacy. Carbon dioxidewas the supercriticalsolventfor these experiments.

The objectivefor FY 1992 was to establisha relationshipbetweenthe rate of

mass transfer of a contaminantfrom the surfaceof a contaminatedmetal coupon

to the bulk fluid and the fluid dynamics of the system as determinedby the

Reynoldsnumber.



EQUIPMENT

The bench-scaleSFPC test stand consistsof a medium pressure,high-

temperatureautoclaveconstructedby AutoclaveEngineersand modified for

these tests, and supportingequipmentto achieve supercriticalcleaning (see

Figure I). Carbon dioxide is suppliedto the systemfrom standardcompressed

gas bottles. Carbon dioxideenters the systemthrough a constant-temperature

water bath where condensationoccurs at 15°C. A refrigerationcooler main-

. tains the temperatureat the pump head and in the line from the constant-

temperaturebath to the pump head. Temperatureat the pump head must be

maintainedin order to insure that fluid entering the pump is in liquid form.

Liquidcarbon dioxide is then fed throughthe top and into the autoclavewhere

it is pumped to operatingpressureby a high pressureliquid chromatography

(HPLC)precisionmetering pumpe Pressure in the autoclaveis controlledby a

back pressureregulatorlocateddownstreamof the autoclave. Flow throughthe

autoclaveis from top to bottom. A separatorvessel collectsthe dopant as it

disengagesfrom the carbon dioxideon pressure letdown. A dry test meter

measures the total flow of gas throughthe system.

The autoclave(see Figure 2) has an internalvolume of 433 cc. lt is a

bolted-closure,3-inch I.D., fixed bed catalyticreactorconstructedby

AutoclaveEngineers(a "Berty"autoclave). Agitationin the autoclaveis

suppliedby an impellerattachedthroughthe bottom of the autoclaveto a

MagnaDriveassembly. The autoclaverests in a ceramicheater assemblywhich

is capableof heatingthe autoclaveto over 500°C. Rated pressureof the
0

autoclaveis 5800 psi at 340 C. Power to the heatersis suppliedthrougha

variacwhich was manuallyadjustedduring testingto controltemperature.

Impellerspeed is controlledby a variable speed controllerthat is part of

the MagnaDriveunit. The only modificationsto the autoclavenecessaryfor

our testingwas to change the MagnaDrivebushingsfrom carbon to nylon, per-

form a completepolishingof all the interiorsurfacesof the autoclave,and

to fashiona coupon holderto positionthe coupon in the autoclavein the same

orientationfor every test run.
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FIGURE I. SFPC Test Stand

The high-pressurefeed pump is an Eldex model BBB-4 triple head HPLC

precisionmetering pump capable of pumping 100 mL/min at 5000 psi. Liquid

enters and exits the pump throughmanifoldsattachedat the entranceand exits

to the pump heads. High pressureis attainedby a positivedisplacement,

reciprocatingpiston assembly. The pistonsare driven by a constantspeed

motor; volumetricflow control is accomplishedby adjustingpiston stroke

length. Stroke length of the pistons is controlledby precisionmicrometer

adjusters.



FIGURE2. Berty Autoclave

Mass flow throughthe system is measuredwith a Model D 6H-SS Micro

Motion Mass Flow Meter. Mass flow is reportedas a functionof twist on the

tubes within the meter caused by a Coriolisforce on the tubes which is a

functionof flow throughthe meter. Accuracy of the meter is within 0.56%.

There are two back pressureregulatorsin the system,both are models

with soft seats. The first is locateddownstreamof the autoclave,is rated

to 10,000 psi, and regulatespressurein the autoclave. The second,rated at

2500 psi, controls pressurein the separatorvessel.



EXPER!MENT._ALPROCEDURES

The Same SS coupon was used for the first two sets of experimentalruns.

Before each run, the couponwas cleaned first in a chloroformbath, rinsed

with acetone, and then dipped in an acetonebath. After cleaning,the coupon

was weighedto ensure that cleaninghad been accomplishedto within the limits

of our analyticalbalance. The coupon measured 4 cm x 3.5 cm x 0.1 cm.

The coupon was then doped with one of two dopantsby completelysub-

merging the coupon in the dopant solution,patted lightlywith a Kim Wipe to

removeexcess material, and then weighed. Two differentdoping solutionswere
• ®

used: Dow Corning 200 fluid and Castle/SybronX-448 High-temperatureOil.

The Dow CorningFluid is a 100 cSt dimethylpolysiloxane,a clear silicone

liquid. The X-448 Oil is a polybutane/mineraloil mixture. A set of 5-minute

runs was conductedfor each dopant at various autoclaveimpellerspeeds.

After'doping,the couponwas loaded into the preheatedautoclaveby

placingthe coupon onto a holder designedto hold the coupon in a vertical

position_ The autoclavewas alwayspreheatedto 41°Cto ensure rapid attain-

ment of supercriticalconditions. The autoclave'stop would then be bolted on

and the test started.

Testingproceededby fillingthe autoclavevessel and systemwith carbon

dioxide to the first backpressureregulatorand ventingresidual air from the

system througha valve at the top of the autoclave. Once the systemwas

filled, the pump was startedat an averagerate of 57 ml/min of liquid carbon

dioxide. Timing of the run began when the pressuregauge locatedat the top

of the autoclavereached 1100 psi.

When pressure in the autoclavereached 1100 psig, the impellerwas

turned on to a predeterminedspeed. The autoclavepressurewas allowedto

reach and maintain 1400 psig for the remainderof the test run. When four

minutes and 45 seconds had elapsed,the carbon dioxidesupplywas turned off

and the system vented. When the pressuregauge at the top of the autoclave

once again read 1100 psig, the impellerwas turned off. Pressureletdownfrom

1400 psig to 1100 psig typicallytook 15 seconds,which results in an average

run time at supercriticalconditionsof 5.0 minutes. One volume turnoverfor



the autoclave (internalvolume - 433 ml with bafflesand basket in place) is

estimatedat 7.5 minutes.

When the carbon dioxidewas removedfrom the system,the couponwas

removedfrom the system and immediatelyreweighedon the same analytical

balance. Weight differentialswere used to determinemass flux of dopant from

the coupon. Impellerspeed was used to calculatedthe impellerReynolds

number for stirred-vesselagitation[Perryand Green 1984].

_Np

ImpellerReynoldsNumber

D = impellerdiamo.ter m

N = rotationalspeed rev/s

p = fluid density kg/m3

/_= viscosity Pa*s

The third set of experimentalruns was conductedon couponsthat Boeing

• Aerospace staff had previouslydoped with aircraftoil. Couponswere placed

in the autoclaveone at a time and subjectto differenttemperatures,pres-

i sures,and run times at constant impellerspeed. Cleanedcouponswere ana-

lyzed by OpticallyStimulatedElectronEmission (OSEE). This technique

effectivelymeasuresthe relativethicknessof films on a flat surface.

Boeing contributeduse of the OSEE and staff time to performthe analysis.



DISCUSSIONOF RESULTS

Both the siliconeand high-temperatureoil contaminantswere difficult

to remove using supercriticalcarbon dioxide as the solvent. Severalsurface

contaminantswere examinedbeforechoosingthe siliconeand high-temperature

oils. Most contaminantstried were removedtoo rapidlyto observemass flux

by gravimetricanalysis. Even by using the siliconeand high-temperature

oils, scatteringof the data occurred. To determinethe precisecorrelation

• betweenmass flux and turbulence,a real time analyticalmethod for observing

surfacecontaminationneeds to used.

A definite relationshipbetweenmass flux of contaminantand system

turbulencecan be seen from the graphs correlatingthe data taken from the

first two sets of experimentalruns. Figure 3 shows that, for equal cleaning

intervals,contaminantremoval increasesas the impellerspeed increasesup to

a maximum efficacy,which dependson the contaminant. The B_aximumefficacy

was reachedfor siliconeoil at a lower impellerspeed than for high-

temperatureoil. Increasingsystem turbulencebeyond this point does not

improvemass flux, and would be a waste of power.

Figure 4 shows the relationshipbetweenthe averagemass flux of contam-

inant during the run and impellerReynoldsnumber. Even though the silicone

and high-temperatureoils requiredmore time to remove than other contami-

nants, the data exhibitsignificantscatter. This scatteris probablydue to

the lag-time inherentin pressurizingand depressurizingthe autoclaveduring

the cycle. A more fundamentaltreatmentwould also correlatethe instantane-

ous mass flux or mass transfercoefficientrather than the mass flux averaged

• over the cleaning cycle. This requiresa real-timeanalyticalmethod.

The third set of experimentswas performedin order to establish

cleaning efficacyby supercriticalcarbon dioxide in comparisonwith solvent

cleaning. OSEE analysisrelatesthe differencebetweena clean surfaceand a

contaminatedone. The cleanerthe surface,the higher the OSEE number.

Plotting film thicknessversus the logarithmof the OSEE readingresultsin an

inverselinear relationshipfor most contaminantsand surfaces.

11
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Couponscleanedby SFPC had surfacereadings rangingfrom g0 to 140. A

readingof 230 was achievedby washing a coupon in two chloroformbaths

followedby two acetonewashes and them immediatelyplacingthe coupon under

the OSEE for analysis. Typicalreadingsof 150 were obtainedfor stainless

steel couponscleaned by Boeing'sconventionalcritical cleaningmethods. A

plot relating resultsof the OSEE analysisof couponscleanedby SFPC to

Boeing's conventionalcriticalcleaningmethod is includedas Figure 5. The

plot shows that surfacecleanlinessfo_ couponscleanedby supercritical

• carbon dioxidecompare very favorablyto coupons cleanedby conventional

critical cleaningmethods.

Resultsof the OSEE analysisalso show that no significantdifferencein

cleanlinesslevelswas achievedby increasingtemperature,run time, or pres-

sure. The impact on contaminantremovaldue to changesin pressureand tem-

peraturemay have occurredduring the early stages of the test runs where the
affect was notnoticeable. Furtherchanges in temperature,pressure,or run

times may have a significanteffecton cleanlinesslevels;however, a real

time analysisis needed to accuratelyquantifyhow these changesinfluence

mass transferand ultimatecleanliness•

13
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CONCLUSIONSAND RECOMMENDATIONS

CONCLUSIONS

° Power requirementsfor a SFPC system can be optimizedby determiningthe
relationshipbetweenmass flux of a contaminantand system agitation.
Increasingthe internalagitationcan significantlyreducethe time
required to clean a pa_'t,but operationabove the optimum is a waste of
energy.

° Mass flux varies significantlywith the type of contaminantbeing
removed. Mass flux is also a functionof temperatureand pressure.
Establishingguidelinesfor operatingtemperatures,pressures,and
cleaning intervalsfor differentcontaminantsand mixtures of contami-
nants could significantlyreduce unnecessaryenergy consumption.

° Cleanlinesslevelsof parts cleaned by SFPC comparefavorablyto levels
attainedthroughAEC and vapor degreasingtechniques. SFPC however,is
not deleteriousto either operatingpersonnelor the environment.

RECOMMENDATIONS

A real time analyticaltechniqueneeds to be implementedto more pre-

cisely determinemass flux of a contaminantfrom the surfaceof a part being

cleanedinto the bulk fluid. Utilizinglaser or fiber optic technologyto

observe a contaminantwhile it is being removedfrom the surfacewould help

establishaccuratequantifiablerelationshipsbetweensystem dynamicsand mass

flux. An extensionof analyticalmethods used is planned for FY 1993

bench-scaleexperiments.

Cosolventsmay improvecleaningefficiency. Once quantifiablerelation-

ships betweenoperatingparametersand mass flux are established,the value of

using cosolventscould be quantifiablyestablishedas weil. Studiesof

cosolventsand hybrid SFPC/aqueouscleaningsystemsare plannedfor FY 1993

bench-scaleexperiments.

15
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