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EXECUTIVESUMMARY

This paper addressescertain safety issuesassociatedwith the Hanford

Tank 241-SY 101 hydrogenmitigationmixingtest. Specifically,the study,

performedat PacificNorthwestLaboratory(PNL),(a)is concernedwith the

• effect of pump shearing,jet mixing,and piling-upon the followingareas"

• gas generation

• gas retention

• gas release (immediate)

• gas release(long-term)

• saltcake.

The findingsfor each issue area of concernare these:

i. Effectof Pump Shearinqon Gas Generation. The possiblecombinationof
radiationand an increasein solid surfacearea is not anticipatedto
increasethe reactionrate. lt has been shown using syntheticwastes
that the presenceof solids actuallydecreasesthe rate of generationof
gases. However,since the mass of solidsper unit volumeof solution
has not changedsignificantlyover the past six years, the effect of
solids is thoughtto have reacheda steady-staterate. Increasedmixing
shouldnot changethis aspect.

2. Effectof Pump Shearinqon Gas Retention. Althoughlarge gas bubbles
that pass throughthe pump could be broken into smallerbubbles,the
expectedminimumsize would be much largerthan the particlesand, with
the reductionin viscositycaused by the pump shear, shouldallow rapid
cDalescenceand releasefrom the pumpedmaterial.

3. Effectof Pump Shearinqon ImmediateGas Release. Pump shearingis
expectedto substantiallyenhancethe releaseof flammablegases from
Tank 241-SY-I01,primarilyby alteringthe rheologicalpropertiesof the
nonconvectingsolids.

4. Effectof Pump Shearinqon Lonq-TermGas Release. Since it is unlikely
that the pump actionwill changethe fundamentalparticlesize, the

• long-termretentionabilityof the waste shouldbe unaffected. The pump
woulJ have to be used intermittentlyto releasea fractionof the
retainedgas.

I

(a) PacificNorthwestLaboratoryis operatedfor the U.S. Departmentof Energy
by BattelleMemorialInstituteunder ContractDE-ACO6-76RLO1830.
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5. Volume Effectsof Jet Mixinq on Gas Generation. lt is not anticipated
that there will be a change in the rate of gas generationin the affec-
ted volume. If the temperatureof the volumewere to increasedue to
power input from the pump or some other chemicalreaction not directly
associatedwith the gas generationreactions,the rate of reactioncould
increasedue to the size of the affectedvolume. Some opposingcooling
processes are also postulated.

6. Volume Effectsof Jet Mixinq on Gas Retention. The purpose of the test
is mainly to determinethis factor. Releaseof the largergas bubbles
from the affectedvolume is not likely to affectthe retentionin the
settled slurry.

7. Volume Effectsof Jet Mixinq on ImmediateGas Release.The possibility
of a large immediatereleaseis highly dependenton the predicated
distributionof the releasablegas in the tank and on the assumptions
concerningthe gas contentand the releasablefraction. The material
propertiesalso have an effect. Calculationsare ongoingconcerningthe
sensitivityof this releaseto the parameters.

8. Volume Effectsof Jet Mixinq on Lonq-TermGas Release. Analysis
suggests that the basic particlesize would not be changedby the mixer
pump, becausethe particles(crystals)are so small relativeto the
viscousdissipationeddies generatedby the pump. Shear rates generated
in the affectedvolume are also too low to break the tiny particles.
Over an extendedtime period the averageparticlesize in the mixture
might change (Ostwaldripening),allowingthe saltcakecrystalsto
change the gas releaseproperties,but the tank has had a long time for
this to occur already.

9. Volume Effectsof Jet Mixinq on Saltcake. There is little reason to
believe that the action of the mixer pump might dissolve or scour away
precipitatedsalts on the tank wall that may be pluggingwall perfora-
tions, if they exist. Pinhole leaks that have been sealed by salt
precipitationwould be unaffectedby fluid motion within the tank.

10. Gas Generation Effectsof Piling-Upfrom Jet Mixing. Previousstudies
are inconclusive,but suggestthat piling-updoes not occur and thus has
no effect on gas generation. Thermalanalysisshows that with extreme
piling-up,the volume of the nonconvectiveslurry heated to a given
temperaturewould be less than for the undisturbedconditionand
therefore shouldgenerateless gas. If the piling-upis as a flat slab,
increasedgas generationmay result becausemore volume reachesan
elevated temperature.
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11. Gas RetentionEffectsof Pilinq-Upfrom Jet Mixinq. An increasein
retentionis unlikely,becausethe buoyantinstabilityof the piled-up
material is higher than it is for level sludge. In the flat slab case
the productionmay be higher,but turnover instabilitywould occur
earlier also, resultingin a small differencein relativegas release
event (GRE) sizes.

. Some of the argumentsused in arrivingat the above conclusions(e.g.,

generationeffects) assume a similaritybetweenthe syntheticwastes and the

• material that exists in the tank. This inferencegives some uncertaintythat

cannotbe eliminateduntil a more representativesample is obtainedor a set

of in situ measurementsis made. Until these measurementsare made the

elementof risk associatedwith this test cannot be removed,since not all the

possiblyimportantconsiderationsand facts are known.
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1.0 INTRODUCTION

The purposeof this study is to assesscertainsafetyissuesresulting

from the HanfordTank 241-SY-I01hydrogenmitigationmixingtest. Specifi-

cally, the study is concernedwith the effect of pump shearing,jet mixing,

" and piling-upon the followingareas:

• gas generation
|

• gas retention

• gas release (immediate)

• gas release (long term)

• saltcake.

The immediate,or short-term,effectdeals with what happens in the

short time of initialand short-termtesting. The long-termeffectsdeal with

changes in tank conditionsthat resultfrom continueduse of the pump over

years, or in changes in tank conditionsthat manifestthemselveslong after

the pump is shut down (or removed).

The mixing test is being conductedto evaluatethe abilityof jet mixing

to preventor reduce the accumulationand providea steadierreleaseof gases

generatedin Tank 241-SY-I01. However,installinga pump and mixing the tank

contentsare themselvescause for concern;thus, the need for this study.

The document is organizedas follows:

, In Section2.0, the effectsof pump shearingare addressed.

• In Section3.0, the effectsof volume changeresultingfrom jet
mixing are addressed.

• In Section4.0, the effectsof piling-upcaused by jet mixing are
addressed.

• Additionalsupportinginformationcan be found in the appendixesat
the end of the document.

w

The varioussubsectionsare identifiedin Table 1.1.
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2.0 SAFETYASSESSMENTOF PUMP SHEARING

Pump shearingrefers to the turbulentmixing actionthat the fluid

undergoesin passingthroughthe intake,impeller,and piping of the pump.

The high-speedconditionsin the pump give increasedshear rates relativeto

" those in the materialoutsidethe pump. The shearingeffectson material

outsidethe pump (in the jet-affectedregion)are discussedin Section3.0.
d

2.1 PUMP SHEARINGEFFECT ON GENERATION

The concern is that increasingthe shear rate while pumpingthe waste

might cause an increasein the gas generationrate because it decreasesparti-

cle size or increasesthe solid-liquidinteraction. If the reactionthat

yields the gases is a surfacereaction,then increasingthe surfacearea of

the solidswill increasethe gas generationrate. In Section 2.4 it is

suggestedthat the particle size will not be changed by pump shearingaction.

lt is not anticipatedthat increasingthe shear rate of the waste will cause

an increasein the gas generationrate.(a)

If yielding or generatinggases was due to heterogeneouscatalysis

between speciesin solutionand reactionsthat occur on the surfaceof a

solid,one might expect the reactionrate to increasewith increasingsolid

surfacearea. Studieswith syntheticwastes have not yielded resultsthat are

consistentwith the mechanismof gas generationbeing dependenton heterogen-

eo_s catalysis. Also, the gas generationdata from Tank 241-SY_101are

(a) During a rollover,the shear in the tank is increasedabove the stagnant
condition. But subsequently,there is no noticeablechange in the gas
generationrate as interpreted(op cit.) from the level rise rate.
Hence, at this level of turbulentshearingan increasein generation
rate is not detectable. The mechanismfor an increasein generation
rate would be based on an increasedrate of contact betwe_.,species

. involved in the reaction. By the methodsdiscussedin AppendixA, the
eddy size is estimatedin the pump to be on the order of 60_m. This is
60 times the moleculardiffusionmean free path (see Section3.1) for

. solid-liquidreaction;hence, little change in the reactionrate would
occur by mixing. Similarly,if the rate limitingstep was diffusionof
species in the liquid, and since the speciesare probably alreadyuni-
formly distributedin the waste, the reactionrate would not be aided by
eddy diffusionat this eddy scale.
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inconsistentwith a hetercgeneouscatalysismechanism. During the course of a

gas releaseevent (GRE),solids are distributedbetweenthe convectingand

nonconvectinglayers. At this time, with the looserpacking,the rate of gas

generationshould be maximum. As the solidssettlethe convectinglayer

becomesdepleted in solids,and the nonconvectinglayer becomesnearly

entirely solidswith some gas voids. The gas generationrate appearsto be

constant(a)over the approximately100-dayperiod betweenGREs. Hence, an

increasein the solid surfacearea, if it occurs,is not expectedto yield an

increasein the gas generationrate.

The combinationof radiationand an increasein solid surfacearea is

not anticipatedto increasethe reactionrate. lt has been shown using syn-

theticwastes that the presenceof solids actuallydecreasesthe rate of gen-

erationof gases. However,since the mass of solidsper unit volume of solu-

tion has not changedsignificantlyover the past six years, it is anticipated

that the effect of solidshas reacheda steady-staterate. Increasedmixing

shouldnot change this aspect.

2.2 PUMP SHEARINGEFFECTON RETENTION

The issues are the effectsof the pump shearingon gas bubbles,dis-

cussedhere, and on particles,which is discussedin Section2.4. A possi-

bilityexists that pump shearingcould cause increasedretentionof gases in

the nonconvectivelayerof the wastes in Tank 241-SY-I01. This might occur if

relativelylarge gas bubblesare presentin the materialthat passes through

the pump and these would be broken into smallerbubblesthat adhere to, rather

than releasefrom, the particlemixture. If the material then moved or

settledto an undisturbedregionof the tank (and the newly createdbubbles

did not coalesce),the smallerbubbleswould be slowermoving and less likely

(a) The level rise appearsconstant (seeStrachan,D. M., "Minutesof the
Tank Waste SciencePanelMeeting, Feb. 7-8, 1991,"PNL-770g),and this
is associatedwith the retention. Hence, if the generationrate were
changing,the retentionfractionwould have to be changingtoo, to give
the constantrate of retention. This would requiremore complex
mechanisms.
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to overcome the shear strength or cohesiveness of the slurry. Hence, larger

bubbles that otherwise would have been released have been made into smaller

bubbles that do not release.

Several factors tend to reduce the seriousness of this postulated
effect:

• The inlet to the pump is in the convectivelayer,so the raaterial
taken in would have a reducedamountof large bubbles. The bubbles

' shouldbe more mobile in the convectivelayer and would have
alreadybeen releasedto the head space. If an inlet boundaryto
the pump has a 42-in.diameter,at maximumpump flow the inlet
velocitywould be on the order of magnitudeof the velocityof rise
of a .04-in.-diameterbubble rising in the Stokesflow regime in
the supernatantliquid. Larger bubbleswould rise faster at a
velocitythat would far exceedthe pump inlet velocity. These
larger bubbleswould largelyrise past the pump inlet region and
not be recycled (seeAppendixD). In addition,the pump inlet
region representsabout 0.2% of the area of the tank availablefor
the bubblesto rise through. Hence,a small fractionof bubblesof
all sizeswould pass near the zone of highervelocitiesof the pump
inlet.

• The shearingactionof the pump, while making some bubblessmaller,
would also be making the surroundingslurry less viscous. Hence,
the bubbleswould becomemore mobilethan before,and even the
small bubblescreated(or a fractionof them) would be releasable
from the material that had passed throughthe pump.

• An estimate of the bubble size that is stableagainstbreakup in
the turbulenceinside the 90% efficientpump is ][000/_min diameter
(see AppendixA). This size is an order of magnitudelarger than
the particles. With this size bubble,any attachedsinglepar-
ticles would be floatedto the top and not resettlein the noncon-
vective layer. To sink to the nonconvectivelayer, bubblesof this
size would have to be attachedto an agglomerateof particles. But
agglomeratesof particlesare expectedto be broken up by the pump
shearingaction if they pass throughthe pump. A great deal of
energy and high shear stressesare requiredto reduce the bubble
size to about the size of the particles--asituationthat would be
needed to form a stablefoam. Such a foam would break slowly as
the tiny bubbles coalesce. If retainedgas were transformedinto

• foam, GREs would be reducedor eliminated,but the liquid level
would rise. Although foam formationis not likely since a small
fractionand only the smallerof the bubbleswould be ingestedby

• the pump as discussedabove, the test plan controls includemoni-
toring for foam throughthe video camera and through level and
densitymeasurements.
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Recentlya reporthas been issued(a)that gives the resultsof high-

speed stirringtests on compositesamplesfrom Tank 241-SY-I01. The homogeni-

zer caused an increasein gas content, apparentlyby entrainingair from above

the mixed sample. The authorconcludesthat this "forcedgasification"would

not be expectedto occur in the tank pumpingtests. The bubble size observed

in the mixed sampleswas on the order of 10 /_m,and the homogenizerdid not

break up "spongecrystals"(agglomerationsof crystalssurroundinggas bub-

bles). The report suggeststhat bubbleslargerthan 18 /_mwill move out of

the mixed tank in less than 100 c'_ys(thetypicalGRE interval). So if gas

bubblesare not reducedto a size smallerthan 18 /_m,they will continueto

rise in the tank and be released. An estimateof the stablebubbl: size

issuingfrom the pump based on power dissipation(AppendixA) is JL_'JO/_m,

which is quite large enoughto be releasedby risingto the surface. Person

also found that bubblinglargerbubblesthroughthe mix tended to increasethe

density;a fact he attributedto the removalof smallergas bubblesfrom the

homogenizer-processedmaterial. Thus, if the large bubbles are not broken up

or eliminatedby mixing,they would tend to sweep out smallerbubblesas they

rise.

Since the shear rate in the homogenizertestswas insufficientto break

up bubblesto below about 10 /_mdiameter,what diameterwould be the expected

limit diameterin the pump with a shear rate 140 times lower? A dimensionless

relationshipthat appliesin this case is the "two-phaseflow" number,the

ratio of the viscousforce to the surfacetensionforce. The viscousforce in

the velocitygradientacrossthe bubbletendingto stretchand break the

bubble into a smallersize is balancedby the surfacetensionforce tendingto

keep the bubble fr,_mbreaking. Thus,

Two-phaseflow number - /_dbV - /_db_ (2.1)
aL o

(a) Person,J. C. September2, 1992. Gas RetentionTests on ]01-SYTank
Waste After Mixinq. WHC 12110-PCL-068,letterreport to J. W. Lentsch,
WestinghouseHanfordCompany,Richland,Washington.
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where _ = viscosity

db = diameterof bubble

V = velocity

a = surfacetension

L = characteristiclengthand

• _ = shear rate.

In this relationship,it is seen that the bubble size will be inversely

proportionalto the shear rate if the other parametersare held constant.

Therefore,one would expect the minimum bubblesize in the pump impeller

casingto be 140 times largerthan in the homogenizertests done by Person.

This would imply that a bubbleof about 1.4 mm in size would not be broken up

by the impellershear forces. This value is the same order of magnitude

calculatedfrom energydissipationconsiderationsin AppendixA. This bubble

size is also well above the size needed to rise to the top of the Tank

241-SY-I01waste slurrywithin the typicalburp time interval. These bubbles

would tend to scavengesmallerbubblesas they rose past them.

2.3 PUMP SHEARING EFFECTON IMMEDIATERELEASE

The pump takes in fluid from the convectivelayer,which has littlegas

or gas associatedwith the lesser amount of solids. Pump shearing is expected

to substantiallyenhancethe releaseof gases from the pumped material in

Tank 241-SY-I01,primarilyby alteringthe rheologicalpropertiesof the

convectinglayer solids.

Pump shearingis not expected to completelyseparatesolid particles

from adheringgas bubbles. In laboratorytests performedusing synthetic

wastes,interactionenergiesbetweensolidsand gas bubblesappearedto be

• reasonablylarge. Ultrasoundenergy input,for example,did not result in gas

bubble-solidparticleseparation. However,if the gas bubbleswere suffi-

• cientlylarge that the equilibriumcontactanglewere exceeded,pump shearing
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could separatea portionof the gas bubblesfrom the solid particles;this

portioncould eitherattach to anothersolid or perhapsfloat to the surface

of the waste.

2.4 PUMP SHEARINGEFFECTON LONG-TERMRELEASE

The concernis that the pump shearingactionwill changethe particle

morphologyto a more uniformsize distribution,which might changethe reten-

tion capacityof the nonconvectivelayer and increasethe fractionof gas that

would release in a subsequentGRE.

Person(a)discussesparticlesize effectsof high-speedstirringon

compositesamplesfrom Tank 241-SY-I01. A tissue homogenizerwas used to stir

the samples. In the manner that the stirringtests were done, the average

shear rate (tipspeed/clearance)imposedon the samplewas 42,000 sec-Ifor

about 80 throughputsthroughthe homogenizer. This is to be comparedwith a

shear rate of 300 sec -1 for the 10-in. impellerwith 2-in.clearance(b)at 1180

rpm (full speed)in the tank test pump. The pump might be operatedfor 11

throughputsin three months at one hour per day, accordingto Person. Thus,

these stirringtests with the homogenizersubjectedthe waste to 140 times the

shear rate for about seven times the durationthat could be expectedwith the

pump test in the tank. The resultsshowedlittledifferencein the particle

size distributions,and the tentativeconclusionwas that the particlesize is

unaffectedby vigorousmixing.

One of the conclusionsfrom the syntheticwaste studiesis that the main

reasonthe gas adheres (as small bubbles)to the solids is that the solid sur-

face is renderedhydrophobicwhen organicssorb onto the surface. Increasing

(a) Person,J. C. September2, 1992. Gas RetentionTests on IO-SY Tank
Waste After Mixinq. WHC 12110-PCL-068,letterreport to J. W. Lentsch,
WestinghouseHanfordCompany,Richland,Washington.

(b) Clearanceis great enoughfor 2-in. particles,accordingto
manufacturerletter R-276877,page I. W. D. Haentjens,Barrett,
Haentjens& Co., Hazelton,Pennsylvania,to Brian Gifford,WHC,
Richland,Washington,July 23, 1992.
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the surfaceareamight increasethe amountof hydrophobicsurfaceto which

bubbleswill adhere. Thus, it might becomemore difficultto releasebubbles

from the waste during pumping.

Like the homogenizertests, the followingtheoreticaldiscussionalso

suggeststhat the pump mechanicalactionwould not change the particlesize

and surfacearea significantlyfrom that currentlyexisting in the tank. The

mixing could break up agglomerationsof particles,which would be beneficial
m

becausethe abilityto retaingas bubbleswould be reduced.

The particlesize distributionsthat have been measuredfrom :,amples

from windowsC and E show that the particlesare extremelysmall. The size

distributionsof the samplesmeasuredtend to be bimodal,log-normaldistribu-

tions with the small size mode havinga median diameterof 5-10 pm and the

large size mode 50-150_m. The particleslargerthan 100 _m are calculatedto

contain about 50% of the solids volume.(a} The particlesare much smaller

than the gas bubblesthat are released. Videosof a GRE show that large

upwellingsof materialare associatedwith pressurepulses (about0.2 in. of

water) in the tank head space. On the basis of adiabaticcompressionof the

headspacefor this typicalsize of pressurepulse as gas is expanded into the

head space,a typicalgas releasewould be about 12 ft3 and could be made up

of gas bubblesof any size that move rapidlyand would, the_:efore,be large

relativeto the size of the particles. The main gas releasein other vid._os

of GREs (e.g.,December4, 1991) appearsto be made up of even largerpulses

of gas. The videos also show a longer-term"fizzing"releaseof gas as

smallerbubblesthat appearto be about I in. (0.0254m) in diameter. Even

these smallerbubblesare over 250 times as large as the larger particlesin

the slurry.(b) Hence, the gas that tends to be releasedis in a bubble size

range much largerthan the typicalmeasuredparticlesize.

. (a) D. A. Reynolds. April 1992. "I01-SYWindow C Core Sample-Evaluationof
the Chemicaland PhysicalProperties." WestinghouseHanfordCompany,
Richland,Washington.

. (b) The ratio of in situ bubblediameterto the diameterat the waste sur-
face is as the (pressureratio)-I/3;hence, at the waste surfacethe bub-
bles would be about 1.26 times largerthan at the in situ pressureof
two atmospheres. On this basis,the observedbubbleswould be near the
in situ size.
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The retentionof such large gas bubbleswould not be due to surfaceten-

sion holdingthe gas to a particle. Many small particlesmight be attachedto

surfaL_of a bubble by surfacetensionas in a flotationprocess,but these

would not greatly hinderthe bubble from rising. However,if the bubble is in

the matrix of particles,it would be the cohesivenessof the matrix that

preventsthe gas bubblefrom rising. If the matrixwere a purely viscous

(liquid)medium, the bubbleswould move and be releasedcontinuously, lt is

the cohesivenessthat preventsthe large,otherwisereleasable,gas bubble

from moving. When the buoyancyof a body of this materialovercomesboth the

weight of material above it and the cohesivenessof the matrix around it, it

will rise and releasegas in a GRE. The gas that was held can be released

becauseexpansion,reorientationof the risingmass, and shear actioncause a

change in the forces of cohesion.

How can the shear action of the pump affectthis processin the long

term? One of the first assumptionsis that the pump would affect the particle

size. This is not likely from a mechanicalstandpoint,even if the waste is

stirredup enough that the solidsare ingeste_into the pump. The pump impel-

ler clearancesare I in. or more, so no directmetal-solid-metalgrinding

action is possible. The particlescan thereforebe brokenonly by fluid shear

or direct particle-to-particleimpact. The maximumfluid shear occurs in the

pump, not in the jets, and is on the order of 1200/sec. This would give a

stressof 60 Pa on a 100 pm particlein a 50 cP(a) viscosityliquid (larger

than typicalof the Tank 241-SY-I01liquid). This stressis less than

0.01 psi and is insufficientto break most solids. For example,gypsum

plaster (plasterof Paris, hydrouscalciumsulfate),a ratherweak solid,has

a shear strengthof more than 50 psi. The individualcrystalstrengthwould

be higherwith the sodium nitrateand sodiumnitritecrystalsin the

Tank 241-SY-I01waste. Therefore,fluid shear in the pump would not produce

shear forces sufficientto effectivelyreduce the particlesize below the

small size alreadypresentin the tank.

i

(a) The typicalwaste supernatantviscosityis about 30 cP at 50°C,according
to core samplemeasurementsgiven in Gillespie,B. M., 1992, "I01-SY
Hydrogen Safety Project,ChemicalAnalysisSupportTask: Physical
Characterization."PacificNorthwestLaboratory,Richland,Washington.
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Particle-to-particlecontactis also unlikelyto cause particlebreakage

to less than the 100 j_msize that is present. If two particlescollidedat

the velocityof 100 fps, a stressof about 200 psi would be produced. The

stoppingdistanceof 100 _m particlestraveling100 fpm in the 50 cP liquid

would be about 350 _m.(a) Thus,only a very few particleswould maintain

enough speed to cause breakagein collidingwith anotherparticle. Any broken

particleswould increasethe alreadyhuge number of smallerparticlespresent.

" Therefore,there would be no expecteddetectablechange in the particlesize

distributiondue to particlecollisions,even at velocitiesup to the maximum

jet velocity.

Since it is unlikelythat the pump actionwill changethe fundamental

particle size, the long-termretentionabilityof the waste shouldbe unaf-

fected. The smaller size particlemode would be even less affectedthan the

largermode. Agglomerationsof particlesmight be expectedto be broken by

the pump if they are pushed throughthe inlet and impeller, lt is indeedthe

breakupof such agglomerationsthatmay allow the gas to move throughthe

matrix and be released,and which may be an importantmechanismof mitigation

by the pump. If the destructionof the agglomerationsof particleshad an

adverseaffecton retention(made larger)during long-termuse of the pump,

the long-termoperationcontrols (suchas too high a level increaseor rate)

would indicatethe condition,and the plannedremedywould be initiated. The

initialtest plan calls for short-termoperationfor which there would be a

minimum effect. Based on the experienceacquiredin the Phase A testing,the

long-termprotocolswould be established. If the long-termpump operation

were halted,agglomerationof the particleswould be allowedto occur by

(a) The initialReynoldsnumberof such a particleis about 130. A formula
in W. C. Hinds, AerosolTechnoloqy(Wiley-lnterscience,1982),p. 111,
gives the stoppingdistanceas"

. S= pp___DDx [Re1/3- Vf6-arctan(Reol/3/v/6-]
Pl

where- D is the particlediameterand Reo is the particleReynolds
number at the initialvelocity.
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diffusion,as currentlyhappens. The tank would restoreitselfto the

retentionconditions it currentlymaintains,becausethe fundamentalnature of

the particleswould be essentiallyunchangedby using the pump.

Heatingand mixing a saturatedsolution,however,has anothereffect.

Under conditionsin which the waste is warmed,the small and more angularpar-

ticles tend to dissolve,leavingbehind "rounder"particles. This effect

underliesthe so-calleddigestionstep in many analyticallaboratoryopera-

tions. Such changes in crystalmorphologycould affectgas retention. Such

drivingforces are involvedin Ostwaldripening,a field that G. S. Barney

(WHC) studiedin 1g/5-1976. As discussedabove,in the mixer pump one would

not expect shearingeffects,and industrialexperiencewith organicacid salts

(e.g.,MSG) suggeststhat extendedmixing (4 to 48 hr) has only a small

observableeffect on filterability(crystalsize), althoughlonger crystal

residencetimes were somewhatbetter.

2.5 DENSIFICATION

The concern is that the solids in the nonconvectinglayer, having gotten

rid of gas by virtue of the pump action,may settle to the bottom of the tank

more denselythan before the use of the pump. A secondtype of densification

postulatedis that the packingfactorof the solid-liquidmatrix is increased

by having liquid removed. If densificationwere to occur the materialproper-

ties might be changed,perhapsto a higheryield strength,such that more gas

would be retained beforeenough buoyancywas createdto initiatea GRE. Hence

this GRE would be largerthan typical. Also, if the dense material settledon

top of gas-containingmaterial,then that gas would be more highly compressed

and would thus need more gas to createenough buoyancyto overturnthe sludge

in a GRE, and a larger-than-typicalGRE would result.

With the state of knowledgeabout the tank material,it may be possible

to estimatethe bounds of these postulatedeffects. Some gas contenthas been

observed in the actualwaste samplesand in syntheticwastes. Some of this

gas is very difficultto removeand requirescentrifugingfor long periods;

additionalgas is so tightlybound that dilutionand dissolvingof the solids
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is requiredbefore is released.(a) This tightlybound gas contributesto

the low densityof the mixture of fluid and solid relativeto a theoretical

high solids packingdensity. This tightlybound gas is in the form of very

small bubblesand shows as a foam when the materialis centrifuged. The vol-

ume fractionof this gas may be more than 12%, which would be about 6% at an

in situ pressureof 2 atmospheres. Since this gas is almost impossibleto

remove in the sampleexperiments,it would be virtuallyimpossibleto remove

' in the tank conditions. This forms a lower bound to the type I densification

than would be possibleby any mixing actionof the pump.

There are two main actionsof the pumpmixing on the gas. The first is

that it triggersthe rise of materialthat is near the point of unstablebuoy-

ancy. This materialwould rise and releasegas in a manner similarto the

normal rollover. That is, a gob of materialwould rise and releasethe excess

buoyancygas and then sink again. The secondaction is that the sinkingmay

be slightlysloweragainstthe upwarddrift of the pumped fluid,so more gas

would have to be releasedbeforethe sinkingbegan. This materialwould, in

principle,be "densified"relativeto the normal sludgeafter a rollover,but

(a) This was reportedby D. L. Herting(WHC) in a memo to G. L. Johnson
(WHC),"Dilution/HeatingMitigationTestingwith Tank I01-SYWindow E
Samples,"121110-PCLg2-O3gMay 7, 1992. lt was also reportedin
"LaboratoryCharacterizationof SamplesTaken in December1991 (Window
E) from HanfordWaste Tank 241-SY-I01,"D. L. Herting,D. B. Bechtold,
B. E. Hey, B. D. Keele, L. Jensen,and T. L. Welsh,Section6.5,
WHC-SD-WM-DTR-026Rev O, August,1992. After heating,mixing,and
centrifuging,the densityof the samplewas invariablyhigher than
before. In every case a layer of foam rangedfrom 3-8 vol% with an
averageof 5.3% of the initialsamplevolume. Based on the measured
centrifugeddensity of about 1.70g/mL and assuminga packingfactor of
0.65 for the solid-liquidmix, the calculatedvoid fractionin the fuged
material is about 11-12%. This would be compressedto about one-half
this void fractionat the in situ pressure, lt was not possibleto
determinefrom the measurementsthat were made whetherthe entrainedgas
that producedthe foam had alwaysbeen presentin the sampleor had
becomeentrainedduring the homogenizationprocessused in preparingthe
samples. However, in syntheticwaste centrifugationtests,R. T.

. Allemann (ProqressReport,PhysicalModelingto SupportFlammableGas
Waste Tank Mitiqation,December31, 1991) observedtiny gas bubbles in
the syntheticwaste materialand a foam that was releasedupon
centrifugationof a non-homogenizedsample. This suggeststhat the gas
is presentin the sample and is not a byproductof homogenization.
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the factor of changewould be very small. For example,the averageupward

drift at maximum speed in the tank is 0.087 fpm (about I in./min}. A gob of

material2 ft in diameterwould have a changedsinkingvelocityby this amount

with a changedvoid fractionof 9%. Thus, to sink past the midway point of

the convectivelayer, the settlingmixturewould have about g% less retained

gas than withoutthe upwarddrift caused by the pump. This materialwould

thereforebe denser becauseof that differencein amount of gas and how it is

compressedby the hydrostatichead. The "densified"sludge in this case would

have 91% of the gas that it would have withoutthe pump. This change should

not be a seriousproblemfrom the standpointof furthermobilization,but it

would take longer to generatesufficientbuoyancyfor it to rise again.

Assuming a pressureratio of 2, the time requiredto generateenoughgas for

neutralbuoyancywould be about 18% longer,or about 18 days for the typical

100-dayperiod betweenevents. The packingand strengthwould not be expected

to have been changedby the upwarddrift effect,so the size of the typical

burp would not be changed. The actualmixing case would not have the uniform

upward velocitiesassumedhere. Thus, in the actual situation,there will be

regionsof higher and lower upwardvelocitiesthat could be affectedby the

locationoi the overturnedmaterial. The floatingmaterialwould tend to

settle in the regionsof low upwardvelocity,away from the directedjets.

The regionsof low velocitywould allow settlingof materialwith about the

same void fractionas would be expectedafter a normal GRE.

The second type of densificationthat has been postulatedinvolves

removingliquid from betweenthe particlesso that they are packed more

tightlytogether. This would occur if the materialwere pressedor if the

particleswere alteredto allow them to rest more tightlyagainstone another.

In Section2.4 it is illustratedhow unlikelyit is that pumpingcould result

in changingthe particlesize to smallerones that might pack more tightly.

There are alreadyvery many small particlesto fill the interstices. Allemann °

et al.(a)found that a large packingfactorof 0.65, typicalof clays, will

(a) Allemann,R. T., T. M. Burke,D. A. Reynolds,and D. E. Simpson.
August 1992. "Assessmentof PotentialGas Accumulationand Retention-
Tank 241-SY-101." WestinghouseHanfordCompany,Richland,Washington.
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predictthe densityof the materialthat is neutrally_uoyantin the convec-

tive layer liquid if a densityof a sodiumnitrate-sodiumnitritemix of

crystalsis taken as the solid phase. Althoughhigherpackingfactorsare not

often found in nature,a relativelyhigh value of 0.7 would increasethe

buoyantvoid fractionand the retainedgas volume by 5-6%. Thus, if a densi-

ficationwere to occur, bringingthe packingfractionto 0.7, the typicalGRE

based on neutral buoyancyconsiderationswould be 6% larger and would

• generallybe within the range of GREs that have historicallyoccurred. If the

increasedpacking increasedthe yield strengthin proportion,as might be

expected,a higher buoyancywould be needed to overcomethat as weil, raising

the ratio of typical GRE size to 1.12of the previousaverage. This also is

within the range of historicalvariation. The accumulationof the extra gas

requiredto give a releasewould probablyrequirea longer time betweenGREs

than currentlyexists,but that effect toe is within the variationthat has

occurredhistoricallywith Tank 241-SY-I01. The viscosityof the mixed

material is affectedmost by the particleconcentration(seeAppendix F) once

the materialhas yielded or begun to mix. Therefore,a higherdensitywould

have a relativelysmall effectonce mixing had taken place.
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3.0 SAFETYASSESSMENTOF JET MIXING" AFFECTEDVOLUMEEFFECTS

The jet mixing-affectedvolume refersto the region in the waste tank

that is moved or liftedor in some way affectedby the jet pushing its way

into the slurry. The volumewould includethe regionof the jet and the fluid

" dynamicactionthat resultselsewherein the tank. The affectedvolume gen-

erally increaseswith the time that the pump is operated. If the volume is

• definedas that material that has a shear rate greaterthan some value (e.g.,

0.1 sec-l),the code calculationsof affectedvolumewould show a rapid

increasein about a minute to 8,000 ft_ (10% oi nonconvectivelayer)and then

littlefurtherchange as the pump recirculat_s.(a)

3.1 AFFECTEDVOLUME EFFECTON GENERATION

The concernis that althoughjet mixing may not increasethe rate of gas

generation,the volume of affectedwaste might increasethe rate becausethe

waste being mixed will have a lower viscosity. An increasein the reaction

| rate might be expected if the reactionwere diffusion-controlledand the path

i length over which the reactingspecieswould have to diffusewere relatively
long. For some of the same reasonsgiven in Section2.1, it is not antici

pated that the size of the affectedvolumewill cause a change in the rate of
m gas generation. If the temperatureof the volume were to increasedue to

i power input from the pump or some other chemicalreactionnot directlyassociatedwith the gas generationreactions,the rate of reactioncould

i increasedependingon the size of the affectedvolume.Recentdata suggestthat the tank is coolingat about 2°C or more per

year. If the coolingrate and the gas generationrate are correct,the

i activationenergy associatedwith these two data sets is consistentwith

diffusioncontrol (10 kJ/molto 25 kJ/mol)of the reaction. The mean free

I . path over which diffusionprobablytakes place is on the order of 1000 nm.
(This is suggestedby the work of Meiselat ArgonneNationalLaboratory(ANL),

in which it was determinedthat the distancebetweenthe "spurs"in which the

(a) This exampleis for low-speed(15 fps) jets and a stable,cohesive
slurrylayer.
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reactivespecieswere generatedis on the order of 1000 nm.) Actionssuch as

stirringmight be expectedto affectdiffusioncontrolledreactionsif the

diffusiondistanceswere on the order of tens of millimeters,and this is not

likely,according_o the discussionin Section2.4.

If the temperatureof the affectedvolumewere increasedby the power

input from the pump, the rate of gas generationmight be expectedto increase.

The power input is expectedto be relativelysmall for the anticipatedaffec-

ted volume. If, however,the affectedvolumewere significantlysmallerthan

anticipated,the power densityand the resultingtemperaturewill be higher.

Using the observedactivationenergiesfrom the syntheticwaste studiesshould

allow boundingthe maximum increasein gas generationrate due to small

increasesin temperature.

3.2 AFFECTED VOLUMEEFFECTON RETENTION

The purposeof the mixing pump test beyond the initialphases discussed

in this Safety Assessmentis to find out if mixingwill affectgas retention,

especiallyin the affectedvolume. The expectationis that the mixing, by

keepingthe particlesin suspensionin the affectedvolume,will not allow the

slurry to become thick en6ugh to keep the gas bubblesfrom releasing. Thus,

the newly generatedgas will diffuseto the releasablesize (larger)bubbles

and be passed to the dome space. The holdupand episodicreleasewill thereby

be eliminated. These purposesare limitedin the initialphases of the test

becauseof the need for care and the assessmentof what can be learnedabout

the natureof the materialand the jet effectsduring the progressingtest

program.

There are some suggestedmechanismsthat may give an increasedretention

of gas in the affectedvolume. One concernis that the releaseof some bub-

bles, probablythe larger sizes, from the affectedvolumemay make the remain-

ing mixturemore dense and less susceptibleto suspension. If the mixing jet

cannot keep this materialsuspended,the mixturemay settle to a denser layer

in some regionsof the tank. If these regionscannot be stirredby the jets,

it might be a longertime until sufficientbuoyancyis generatedto raise the

material from these regionsagain. Thus, under these assumptions,the mixing
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might extend the time betweenburps but not greatly influencetheir size.

This effectwould not be readilyobservableuntil the jet orientationhad been

moved through all of its positions. After that time, a GRE could be attribu-

ted to resettledor unaffectedregionsof the tank. Mattersconcerninggen-

erationrate and particlesize would not occur on the time scale of the

" affectedvolume questionand are discussedunder long-termeffects

(Section2.5).

3.3 AFFECTED VOLUME EFFECTON IMMEDIATERELEASE

The concern is that the affectedzone may be large. The concernand

control logic is discussedin SectionT, 2.0, of the SafetyAssessmentReport.

The size of the affectedzone that is predicteddependsvery much on the

predicatedinitialconditions.

Calculationswith fluid dynamiccodes that includethe presenceof an

expandablegas in the nonconvectivelayer have shown that the jets could trig-

ger a generalturnoverif the gas is held in a metastableconditionin the

nonconvectivelayer. Such a conditionwould exist if the gas contentwere

distributedsuch that the layer has the same void fractioneverywhere. In

that situationa displacementof a parcel of gas-containingslurryupward or

downwardmakes it unstablerelativeto the slurry (it might not be '!nstable

with respectto the convectivelayer in the tank) and it tends to continueto

move in the displaceddirection. Accordingto the calculations,the viscosity

does not sufficientlydampen the motion to keep it from spreadinginto the

convectivelayer and a buoyancy-pumpedrolloveroccurs. The viscosityused in

the calculationsis based on the measuredvalues but includesthe physicsand

theory of viscosityof particulatesuspensions(as shown in Appendix F) as the

material becomesdilutedby mixing.

lt is difficultto explainhow the materialwould have achievedthe

predicatedmetastableconditionor maintainedit throughthe GRE that opened

the window for the pump installationand operation. A calculationwith
m
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TEMPEST,(a)in which the same total gas contentwas held in the nonconvective

layer in a stable condition(uniformmass concentration),showedthe jet

triggeringdid not occur in this case, and the gas stayed in the lower region

in spite of motion occurringthere.

The immediatelyreleasablegas can be expressedby the following

equation:

Gas releasable[GR] = number of jets [n] ,

x Volume affectedper jet [Va]

x Fractionof gas in volume [fg]

x Fractionof gas releasable[fR]

X Pressureratio (at gas location/atI atm) [rp]

that is: GR - n. Va • fg- fR " rp

This equationbypassesthe use of detailedor speculativemodels of release

mechanismsa,ldcan allow boundingcalculationsbased on broad assumptions

concerningthe values of the specificfactors. The releasablegas is depen-

dent on the assumptionsconcerningthe valuesof these terms.

The followingis an examplecalculation:

The numberof jets = 2

The volume affectedmay be calculatedfrom fluid dynamicanalysisand

boundedby an effect criterion. Such a criterionmay be a shear rate

boundary,a velocity,a particleconcentration,or a viscosity An example

calculationby TEMPEST for five minutesof a nonbuoyantlayer case gives about

10,000ft3,within a shear rate boundaryof 0.01 sec-I,for a 15 fps jet at

five minutes.

(a) Trent, D. S., and L. L. Eyler. 1990. TEMPEST,A ComputerProqramfor
Three-DimensionalTime-DependentHydrothermalAnalysis. PNL-4348(Base
Version),PacificNorthwestLaboratory,Richland,Washington.
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The fractionof gas may be estimatedfromAllemannat the neutral

buoyancyconditionas 0.24.

The fractionof gas that is releasabledependson how the gas is held,

how the holdingpower of the material in the affectedvolume changes,and how

the releaseoccurs (i.e.,does the gas separateand rise independentfrom or
o

with the slurry and, after rising,how much will pass into the dome space. An

estimate in All,mannet al. is that about 12 vol% of gas is tightlyheld and
Q

is nonreleasable(exceptby extraordinarymethods),and would be recompressed

to about 6% nonreleasableat the locationin the nonconvectivelayer. This

gives the fractionreleasableas

fR- rg-0.06_ 0.24-0.06=0.75
fg 0.24

An averagepressureratio for gas in the nonconvectivelayer is 2.1.

Thus, an estimateof the gas releasableby the startupof the jets is

GR = 2 x I0,000x 0.24x 0.75x 2.1 = 7560ft3

New examplesof the gas releasecalculationare being preparedfor cases

includinggas buoyancyin the nonconvectivelayer.

3.4 AFFECTED VOLUME EFFECTON LONG-TERMRELEASE

The concern is that in the affectedvolumethe jet may change the nature

of the particlesin a way that will adverselychangethe long-termretention

capabilityof the slurry. The discussionthat followssuggeststhat the basic

particle sizewould not be changedby the mixer pump becausethe particles

• (crystals)are so small relativeto the viscousdissipationeddiesgenerated

by the pump. Shear rates generatedin the affectedvolume are also too low to

. break the tiny particles. In the 1991 Annual Report,R. T. Allemannhas

reportedthat initialshear strengthsof syntheticwastes that had been

allowedto settlefor extendedperiodswere considerablyhigherthan values

3.5



obtainedafter momentarystirring. One possibleexplanationis that the shear

strengthof the nonconvectingsolids is stronglyinfluencedby the presenceof

dendriticsodium nitritegrains• Once these dendriticgrains are fracturedor

dissolved,the shear strengthof the waste shouldfall. With less shear

strengthresistance,gas bubble-solidparticlerafts,if sufficientlybuoyant,

would be more likely to rise to the surfaceof the waste tank.

Gas releasewould be enhancedif some of the solid/gas-bubblecombina-

tions from the nonconvectinglayer were mixed intothe convectinglayer.

Becausesolid/gas-bubblesin the convectinglayer do not have to overcomethe

shear strengthassociatedwith nonconvectingsolids,the requirementsfor

buoyancyand size of gas bubblethat can releaseare less. If mixing were

stoppedit is expectedthat settlingof the solids and reformationof dendri-

tic strengthwould continueas before.

The other influence,heatingthe slurry by pump operations,would tend

to reduce the strengthand viscosityof the slurryand thus beneficially

reduce the amount of gas that can be retainedto producea GRE.

As discussed in Section2.4, the effect of shearwithin the pump is

insufficientto change the fundamentalparticlesize modes that have been

measured in the waste core samples. The shear stressesin the jet-mixingzone

are an order or two of magnitudesmallerthan in the pump; therefore,it is

even more unlikelythat the fundamentalparticlesize would be changedby

shear in this zone. However,the jet-affectedzone definitelycontainspar-

ticles,and the particlesize could changedue to a shift in temperature

caused by long-termpumpingor mass transferchangesbroughtabout by the

changes in fluid motion.

The amount of temperaturechangedue to the pump-workheating is possi-

bly significant. If the 150-hppump were left on continuouslyit would

insertabout 10 times the heat rate that currentlyresultsfrom the radio-

active decay of the cesium and strontiumin the tank. A temperaturerise

could be expectedbut would be controlledto remainwithin the design specifi-

cationsof the tank. The test plan suggeststhat the pumpwould be run only

about one hour per day; therefore,a temperaturerise of 14°C (25°F)would

take many months.
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Temperatureincreaseshave been shown to reduce the viscosityand the

shear strengthof the samplesof waste from Tank 241-SY-I01.(a} If the

temperatureof the tank were allowedto increasedue to pump work, the ability

of the waste to retaingas would be reducedbecauseof the changedproperties

of the slurry. Indeed,heatinghas been suggestedas one means of mitigation

" that should be tested in the tank. Thus, operationof the pump that raises

the temperatureof the waste shouldmake the materialcapableof retaining

• less gas before buoyancyovercomesthe cohesivestrengthand the weight of

materialabove, and a GRE, when it does occur,would be smaller. There is the

possibilitythat an increasedtemperaturewould also increasethe generation

rate of gas. This increaseis typicalof a chemicalreaction,but may be

somewhatmoderatedby radiation-inducedintermediatereactantsthat control

the overallrate of gas generation. If the increasedtemperatureincreases

the gas generationrate, the smallerGREs would occur more frequently,accord-

ing to a long-termmass balanceequation:

where _ = generationrate of retained,and then releasedgas

f = frequencyof gas releaseevents

SE = size of releaseof gas in a GRE (in consistentunits).

With SE smallerand _ larger due to temperature,the frequencywould increase.

This smaller,more continuousreleaseis a desirablemitigationresult.

Anotherconsiderationconcerninglong-termmixing effectsis whetherthe

mixing will change the particlemorphology,givingthe slurrya higher cohe-

sive strengthand thus a highergas retentioncapability. Crystalmorphology

or habit in a saturatedcrystallizingmother liquor is a complicatedfunction

of certainconditions. The crystallizationdependson the nucleationand

growth rates, and the heat and materialbalances in the tank. The tank has

(a) Tingey,J. M. February1992. PhysicalCharacterizationof Tank I01-SY
Core Samplesfrom Window C. PacificNorthwestLaboratory,Richland,
Washington.
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existed in the saturatedconditionfor many years and has achieveda condition

of crystalsize that reflectsthe balanceof the processesthat are occurring.

These processesmay involvethe creationof new nuclei that grow at the

expenseof larger crystals,thus bringingthe averagecrystalsize to that

observed in the tank. Mixing is not likelyto change the rate of creationof

new nuclei since these occur at a microscopicsize that is not influencedby

the mechanicalmixing action.

lt is also possiblethat the dynamicequilibriumof particlemorphology

in the tank does not involvegrowth from new nucleationbut is a balanceof

the rates of growth and dissolutionof the crystalsthat are present. Growth

and dissolutiondepend on the mass transportto and from the surfaceof the

crystal. Generally,mixingwould increasethe rates of transportand allow a

faster approachto the equilibriumsize distributionif eddy diffusionis the

rate controllingprocess. In some systemsthe rate controllingprocessfor

crystalgrowth is the integrationof the solutemolecule into the crystal

face, and mixingdoes not have much effecton the rate. As mentionedin

Section3.1, the mean free path for moleculardiffusionis on the order of

1000 nm, which is much smallerthan the eddy size. The tank has had many

years to approacha dynamicequilibriumconditionand establishthe crystal

habit throughthe processesoccurringin the tank. lt is doubtfulthat speed-

ing the processby mixing would result in conditionsmuch differentfrom those

alreadyreached.

Although in industrialcrystallizationlarge crystalsare generally

obtainedin stagnantconditionsand smallercrystalsin mixed conditions,

mixing by the pump in Tank 241-SY-101is not likelyto have this effect,

becausethe crystals in the tank are so small already,and the lengthscale

(eddy size) at which energydissipationto molecularmotion occurs is larger

than the crystalsize (seeAppendixA). The mixing turbulencethat the pump

producesis thereforedissipatedbefore it can influencethe diffusionof the

material to the crystalfaces. The rate controllingstepwill thereforestill

be the moleculardiffusionprocessesas in a non-mixedcase.
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In summary,the mixing pump will not affectthe boundarylayercontrol-

led mass transferto the crystals becausethe crystalsare so small relative

to the viscousdissipationeddies generatedby the pump.

3.4.1 Foaminqand Crust Formation

• lt has been discussedthat the tiniestbubbleswould not be expectedto

be created by the mixing pump action nor would they be encouragedto release.

. Person suggeststhat the increasedviscosityof the convectivelayer may be a

cause for increasedfoam and crust formation. His idea is that mixing will

reduce the viscosityin the nonconvectiveregion so that more bubbleswill be

able to rise from that layer,and becauseof the higherviscositycreatedin

the convectivelayer, the bubblescreatedor transportedthere will move more

slowly. He suggeststhat on balancemore bubbleswill reach the surfacethan

do currentlyand that they may form a thickerfoam and a thickersolid crust

than currentlyexist. "Bringinglarge bubblesto the surface is much better

than bringingmany small bubbles,as the large bubblesburst,while the small

bubblesform crust." The small bubblesdo not burst becausethey are stabil-

ized againstfilm drainingand from coalescenceby their small size and

perhapsby the presenceof small particlesthat inhibitcontactand coales-

cence. The crust might be formed from the foam by evaporation,which leaves a

high void fractionstructureof interlockingsolids (crystals).(a) If this

structurewere continuousacrossthe tank it could act as a thermaland mass

transferresistance,but the softer,damp foam probablyacts in this manner

anyway. The photosand videosof the tank show that the GREs effectively

precludethe formationof a continuoushard crust. If the rolloverswere

stoppedby using the pump and a continuoushard crust formed instead,it would

not be sufficientlytight to preventthe gas from diffusingthrough(see

Appendix F, SectionF.4).

In the long term, the mixing pump shouldmaintainthe waste in the form

• of a somewhatuniformmixed/floatingslurry. This slurrywould still generate

gas throughout,and this gas will be mobile enoughto rise and release,

(a) The crust might also be formed from carbondioxidein the dome space air
reactingwith the sodiumhydroxideto form sodiumcarbonatecrust at the
air liquid interface.
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whereas currently,half the generatedgas is captured in the nonconvective

layer,where it forms large bubbles(as seen on the turnovervideos). The gas

retainedin the nonconvectivelayer appearsto cause GREs by achievinga

buoyancyand turnover,releasingthe large bubbles. The other half of the

generatedgas was assumedto be generatedin the convectivelayer and is lost

steadilybecauseof bubblemobility. With the pump operatingto keep most of

the waste as a mixed slurry,all of the gas will have to be releasedby the

steady generalmechanismsthat now occur in the convectivelayer. The differ-

ence is that the viscosityof the entiremixed waste volume will be higher

than it is for the current convectivelayer alone.

Calculationsshown in Appendix F indicatethat the higherviscosityof

the entire mixed waste volume comparedwith the currentconvectivelayer will

limit releaseto a larger size of bubble,and that the holduprequiredto

producethe larger bubblesat the same overallgas generationrate (for the

entire tank) would be only about 0.007 vol%. Thus, in the stirredcondition,

the waste would have some additionalbubblesin the mixed waste that would

raise the level a negligibleamount from a fully collapsedlevel of about

374 in. This level is less than the currentlevel of over 400 in. that pre-

sumablyresultsfrom about 20,000 ft3 of gas being retainedin the noncon-

vectivelayer. Most of that retainedgas in the no_iconvectivelayer, being of

very large bubble size, would be releasedby mixing. The minor amount of

holdupwould be in the form of bubbleswhich, upon reachinga large enough

size, will rise to the top and releasegas. The diffusionrate of these

bubblesis fast enough to make their numbersand volumessmall. The holdup

mode of gas release is expectedto be smoothand not to be the episodicGRE

behavior.

3.4.2 Gas Transportout of Foam

A stable foam is generallynot possiblein a saturatedliquidbecause

the surfacetensioncannot changewith concentration. Increasedconcentration

in normal foams tends to increasesurfacetensionand preventthe film from

breaking. However,another foam stabilizationmechanismis that of particles

that preventthe bubbles from contactingeach other and coalescing. The bub-

bles that rise throughthe mixed waste may carry small particleswith them.

3.10



This is the mechanismthat is believedto give the existingcrust in Tank 241-

SY-I01. The mixed waste will be a thickerslurryof particlesthat may tend

to wipe off adheringparticlesand let the bubblescontacteach other. Since

the bubblesthat are mobile will generallyrise upward,they would collectat

the top and either form a foam that is stable and must thereforelose its gas

• by diffusion,or they will coalesceuntil the gas can move out under the

pressuregradientthat drives permeationtransport.

Diffusionwill cause small bubblesunder the influenceof surfaceten-

sion to lose gas to the largerbubbles. This mechanismwould aid the coales-

cence and eventualbenignreleaseof gas.

If an increasedamount of stablefoam did form with the mixed waste con-

dition,it would be detectedby the level rise. Shuttingoff the pump mixing

shouldallow the liftedparticlesto begin to resettleand reformthe two-

layer waste. The tank would reverteventuallyto its pre-mixedcondition,

becausethe fundamentalnatureof the particleswould not be changedby the

pump. Eventually,the waste would begin to roll over again and break up any

new (continuous)crust that had formed.

3.5 AFFECTEDVOLUME EFFECTON SALTCAKE

One concernraised by the safety reviewgroup regardingplans for the

mixer pump test scheduledfor Tank 241-SY-I01is based on the following

postulations:

• If the chemistryof the waste in Tank 241-SY-I01has not always been
controlledwithin the tank farm operatingspecificationsestablishedfor
corrosioncontrol,the tank wall could have become perforateddue to
pittingcorrosion.

• If the tank wall had startedleakinginto the annulusthroughpin holes,
salts in solutionin the waste might have crystallizedin the holes or
on the surfaceof the tank, sealingthe holes and acting as a barrierto

. furtherleaking.

From this premisea concernhas been raised that the action of the mixer

• pump (that is plannedto be tested in Tank 241-SY-I01for hydrogenmitigation)

might dissolveor scour away precipitatedsalts on the tank wall that may be

pluggingthese perforations,if they exist. Tank waste might then leak into
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the annulusbetweenthe inner and outer walls of the tank. This concern is

based at least in part on an observationmade at the SavannahRiver Site

(SRS),where a photographor photographstaken from the annulusof a double-

wall tank showingstreaksdown the wall of the tank where solutionapparently

leakedfrom pin holes. Later,the leakingstopped, lt is postulatedthat

salts have crystallizedin the holes or on the inner surfaceof the tank wall

and sealedthe leaks.

Not enough is known about the specificchemistryof the waste in Tank

241-SY-I01now, what it has been historically,or how it may have interacted

with the tank steel to say unequivocallythat the postulatedconcernis either

valid or invalid.

lt is importantto know if the interpretationof the SRS tank pitting/

sealingobservationis based on a detailedexaminationof tank historyand

tank waste chemistry,and also to know whetherthe sealedperforationswere at

a level correspondingto the vapor space,liquid/vaporinterface,or below the

liquidlevel of the waste. The relativepositionsof the holes would indicate

which wall areas might be affectedby the impingingjets from the mixer pumps.

Any pin holes locatedbelow the liquid/vaporinterface(especiallyalong

the tank floor away from the pump and on the lower portionof the vertical

wall) would have the highestpotentialfor problems. Any saltcakeremoval

would be highestin the area of highestimpingingjet velocity. The hydro-

statichead of the waste lower in the tank would also increasethe potential

for leakingif perforationsexisted.

Holes locatedat the liquid/vaporinterface,a more likelylocation

(localizedcorrosionis frequentlymore severe at the liquid surface,where

the waste chemistrymay vary significantlyfrom the bulk solution),would be

less likelyto be affectedby the actionof the mixer jets, since analyses

show that the fluid velocity is essentiallyzero at this point. Also, hydro-

statichead would be essentiallyzero.

Perforationsabove the liquidlevel would not be impactedby the mixer

jets. In corrosiontests performedfor West Valley with mild steel coupons in

simulatedtank waste, the heaviestcorrosion,includingpitting,occurs in the
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vapor space where uninhibited(littleor no hydroxideand nitriteion)

condensatekeeps the couponswetted. Therefore,vapor space holes in the tank

wall could exist withoutcreatingproblemsfor the mixer pump test.

No corrosiontestinghas been performedspecificallywith a simulated

Tank 241-SY-I01waste to evaluatepittingpotential. However,a large number

of corrosiontests have been conductedwith simulatedwastes in a varietyof

concentrationsof hydroxide,nitrate,and nitrite,the major componentsthat

determinethe corrosivenessof the wastes. In a corrosionstudy by

J. R. Divine (PNL) (ca. 1985) simulatedwastes,some of which includedrela-

tively large concentrationsof organics (likethe Tank 241-SY-I01waste),were

tested. The apparenteffect of the organicsin the simulantwas to inhibit

rather than increasecorrosionof the steel. These resultssuggestthat the

waste in Tank 241-SY-I01may be more inhibitingto corrosionthan similar

wastes with lower organicconcentrations.

Periodicsampleshave been taken from most of the double-shelltanks

(DSTs),including241-SY-101,to monitorcompliancewith tank farm operating

specifications. Analysesof those samplesindicatethat Tank 241-SY-I01is

within waste compositionspecificationsfor propercorrosionco_Itrol.Only

one DST (I07-AN)is known to be outsidethe limitsfor inhibitorconcentra-

tions; the problemhas existedfor quite some time and has not been corrected,

yet no evidenceof primarytank failurehas shown up throughleak detectionor

annulusair sampling. No annulusinspectionsof the other DSTs have indicated

perforationsor leakingof the inner shell.

The possibilityof the Tank 241-SY-101innerwall being perforatedis

quite small. However,becausethis has not been proven,the possibleaction

of the mixer pump jets on the tank walls and any adheringsalt crystalsshould

be addressed. Previousanalysisand impingingjet corrosiontesting(a)has

shown that the jets from even largermixer pumps and with higher exit veloci-

• ties than plannedfor the 241-SY-I01test have littleor no scouringaction on

(a) Smith, H. D., and M. R. Elmore. January1992. CorrosionStudiesof
Carbon Steel Under ImpinqinqJets of SimulatedSlurriesof Neutralized
Current Acid Waste (NCAW)and NeutralizedCladdinqRemovalWaste.
PNL-7816,Richland,Washington•
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the tank walls. Jet velocitiesare high enough to increasemass transportof

reactantsand reactionproductsinvolvedin corrosionreactionsof the tank

steel, but not sufficientto erode the surfacewith solidsin the simulated

wastes that have been tested. In the typicalDST mixer pump configurationthe

mixer pumps are locatedo_f-center,closer to the tankwall than the center

riser locationfor the Tank 241-SY-I01mixer pump. Therefore,the combination

of a larger,higher-velocityjet exitingthe mixer pump and the pump being

locatedcloserto the wall means that the velocitiesof jets impingingthe

walls in these analysesare significantlyhigher than would be expectedfor

the 241-SY-I01test. Althoughthe resistanceof precipitatedsalts to the

mixer pump jets is unknown,it seems unlikelythat the force of the Tank 241-

SY-I01mixer pump jets impingingon or flowingalong the wall surfacewould be

energeticenough to scour away any salts that are bound to the wall surface.

lt also seems unlikelythat any precipitatedsalts would be dissolvedby

the actionof the mixer pump jets. The solutionthroughoutthe tank should be

in chemicalequilibriumdue to the frequentturnoversof the tank contents

that occur. The temperatureincreasefrom operatingthe mixer pumps could

increasethe solubilityof some salts,but this effect is probablysmall.

A pinholeleak that has been stoppedby salt precipitatesis most likely

to have been sealed somewherewithin the pinholeand especiallyat the outside

where evaporationcauses the precipitation. The jet mixing action could not

penetrateinto the pinhole in a significantway to dissolvethis type of seal.

In summary,there is no documentationthat the Tank 241-SY-I01waste

compositionhas been outsidethe tank farm operatingspecifications,resulting

in significantpotentialfor corrosion,especiallypittingcorrosion. Nor has

it been shown that perforationshave occurredthat have subsequentlyresealed

with crystallizedsalts from the waste. Next, the jet forces againstthe tank

walls from previousanalysesand impingementcorrosiontests show little if

any potentialfor "scouring"a salt layer from the tank wall. Assuming it is

true that the mixer pump for the Tank 241-SY-101test will be a smallerhorse-

power pump with lower jet exit velocitiesthan previousDST mixer pump

analyses,and that the pump is to be locatedin the centerof the tank, unlike
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other DST configurationsfor waste retrieval(whichmeans lower velocities

when the jets reach the walls), the postulatedconcernposes no plausible

threat to the Tank 241-SY-I01test.

lt would be difficultand time-consumingto developa suitablesimulated

Tank I01-SYwaste with the proper chemicaland scaledphysicalpropertiesfor

testing,and to duplicatethe necessaryconditionsin the tank that might

crystallizea salt layer and those thatmay cause pittingof the tank steel.

(The salt crystalson the surfaceof the steel are as likelyto promotecrev-

ice corrosionor pittingunderneaththe salt as they are to plug any holes.)

These properlyscaled conditionswould then have to be duplicatedfor

laboratory-scaletests to simulatethe mixer pump jets. lt would be difficult

to design laboratorytests that could simultaneouslyproduceall the necessary

waste, fluid jet, tank steel, and tank environmentconditionsto convincingly

addressthis concern.
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4.0 SAFETY ASSESSMENTOF JET MIXING:PILING-UP

Piling-uprefers to the resettlingof solidsthat have been stirredup

or scouredfrom one area of the tank by the jets to other areas,forminga

deeper layer of solids in some regionsthanwould have existedwithoutthe

" pump mixing. The follo'vingdiscussionis a summaryof sludgemobilization

tests performedby PacificNorthwestLaboratory(PNL)using simulatedwaste to

• illustratethe likelihoodof pile-upas observedin some tests.

In 1987, PNL conductedexperimentswith a 1/12-scaletank to investigate

the effectivenessof mixer pumps to mobilizesimulatedsludge. Eighteentests

were conductedwith differentinitialsludgedepths,shear strengths,and

mixer pump flow rates for total operatingtimes up to 14 hours each. In these

tests, the mixer pumps (eithertwo or four)were rotatedabout their vertical

axes, just as they will operate in the waste tanks. The resultswere reported

in a PNL letter report,(a)includingpicturesof the final conditionsfor

some of the tests after pumpingout the slurryto observethe residualsludge.

None of the pictures (or other unpublishedpictures)from these tests show any

increasein sludgedepth (pile-up)at any locationas a resultof the mixer

pump operation. In these tests, as in the actualwaste tanks,the individual

particlesize is quite small (>90% are smallerthan 50 microns),and once a

particle is torn away from the sludgemass, it is quite easilymaintainedin

suspensionin the slurry becauseof the mixer pump action.

In 1988, PNL conducteda follow-onseriesof similarsludgemobilization

tests, but the test vesselwas a 30-in.-diameterplasticdrum with a station-

ary nozzlemounted in the wall. Sludgewas placed in the drum and allowedto

consolidateto a desiredshear strength. Then water was pumpedthroughthe

nozzle,and the effectivesludgemobilizationdistancewas measuredas a func-

tion of time and nozzle flow rate. Thirteentests were conducted;none showed

(a) Fow, C. A., et al. September1987. Pilot-ScaleRetrievalTests Usinq
SimulatedNCAW. Letter Report 7W21-87-15,PacificNorthwestLaboratory,
Richland,Washington.
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any sludgepile-up. The results, includingone picture,are containedin a

1988 PNL letterreport.(a)

Also in 1988,WestinghouseHanfordCompany(WHC)conducteda test in a

full-sizewaste tank (241-AP-I02).(b) Fifty tons of crushedlimestone(par-

ticle size unknown)were dumped into the one-million-gallontank full of water

throughthree separate4-inch-diameterriserslocated20 feet from the tank

centerlineand spaced 120 degreesapart. Also, 600 gallonsof 50% sodium

hydroxidewere added throughone of these risers. One kilogramof disodium

fluoresceindye was added as a tracer for mixingtests.

A 150-hp submergedmotor mixer pump, which was orderedat the same time

and is essentiallyidenticalto the mixer pump to be used in Tank 241-SY-I01,

was installedat the centerof the tank. The pump suctionwas 6 inchesabove

the tank bottom,and the nozzle centerlinewas 18 inchesabove the tank

bottom, lt was operatedat full speed (1180rpm, -1400 gal/minper nozzle

with two 2.6-inch ID nozzles)for about two weeks while the mixer pump

assemblywas oscillatedthroughan angle of ± gO degreesat a rate of 87.1

degreesper minute (0.242rpm). After about 12 hours the solublecontentsof

the tank were well mixed, but slurry samplesshowedthat only about 10% of the

limestonewas suspended. Solids suspensiondid not improvesignificantlyeven

at longer mixer pump operatingtimes.

When the liquid contentswere pumpedout of the tank, video camera pic-

tures showed that an annularpatternof residuallimestonesludgewas located

about 1.5 feet from the wall, extendingfor about 75% of the circumferenceof

the tank. The originalaveragedepth of limestonewas not measuredor known

with accuracy,but was estimatedto be 3 inches. The residualsludgedepth

appearedto be less than 6 inchesat all locationseven though the width of

the residualsludgevaried from 0 to about 3 feet.

(a) Whyatt,G. A., et al. 1988. FY 1988 Bench-ScaleSludqe Mobilization
Testinq. Letter Report 7W2]-88-05,PacificNorthwestLaboratory,
Richland,Washington.

(b) Hunter,V. L. 1988. OperabilityTest Reportfor the In-TankMixer Pump
(Tank I02-AP). SD-WM-OTR-81Rev.O, WestinghouseHanfordCompany,
Richland,Washington.
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In this case, one might concludethat there was pile-upof the sludge.

However,since 13.7 tons of limestonewas originallyadded to the tank in

three very definitepiles that were much greaterthan 6 incheshigh, it is

very apparentthat the mixer pump operationcaused a major redistributionand

levelingof the sludge. It is also interestingthat the sludgewas not col-

lectedor piled againstthe tank wall, but rather the downwardmomentumof the

liqu.djet, after it impingedthe wall, caused the wall-to-knuckleregion of

• the tank to be cleaned of sludge.

Hopefully,this brief descriptionwill help in the analysisof the

hydrogenmitigationmixer pump test plannedfor Tank 241-SY-I01.

4.1 PILING-UPEFFECT ON GENERATION

The concern is that a higher,temperaturewould be attainedin the piled

up region,which would cause a higherreactionrate and thereforemore gas

generationand retention. A thermalanalysisof an extremepile-upcase in

Tank 241-SY-I01(AppendixB) shows that piling-upof the nonconvectiveslurry

due to the jet action would impactneitherthe temperaturesnor the subsequent

gas generationof the waste. The resultsshow that temperatureprofileswould

shift with the geometrybut that the volume of waste that would be heated to a

given temperaturewould be actuallyless in the pile-upscenariothan in the

undisturbedcondition.

4.1.1 Flat Pile-upScenario

The type of pile-updescribedin the previousparagraphswas considered

for a heat transferanalysisby assumingthat all the nonconvectiveslurrywas

removedfrom two opposite 30-degreewedges by the jets and depositedon top of

the remairing5/6 of the sludge cake. This scenarioincreasesthe depth of

the nonconvectivelayer by 20% in the remainingpart of the sludge layer. The

resultsof a thermalanalysisof this situation(AppendixC) indicatethat in

100 days the peak temperaturewould be no higherthan the undisturbednoncon-

vective la_'er.However,the volumeof waste that would have achievedthis

temperatureis increasedby 25%. If the gas productionis influencedby the
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temperature, the gas production rate would increase by less than 25%because

the more heated region represents only a part of the total gas generation.

4.2 PILING-UPEFFECTON RETENTION

The concern is that the pump actionmay tend to move and pile up the

scouredsludge ratherthan suspendingit. The sludgewould then be piled

deeper in some places than it had been beforethe pumping,and this may

increasethe amountof gas that can be retained. The followingdiscussion

suggeststhat an increaseof retentionis unlikely,becausethe buoyantinsta-

bility of the pile-upmaterial is higherthan it is for level sludge (see

Appendix E).

In Section 4.1 it is shown that pilingup the waste would not funda-

mentally change the peak temperaturefrom that existingin the tank with a

level nonconvectivelayer. Hence, the gas generation(if dependenton the

temperature)would be lower but not much different, lt is estimatedthat in

the fully piled-upcondition,the amountof sludgein the 134°F contourwould

be about 90% of that in the undisturbed,level-layercondition. The weakening

of the cohesivestrengthwith temperaturethat has been observedin tank waste

sampleswould then be maximizedin the regionof peak temperaturein the pile.

This cohesivenesswould have to resist an asymmetricalhydrostaticforce. The

lack of symmetrysuggeststhat the hydrostaticbalanceneededto retaingas

would be less stable in the case of the piled sludgethan in the case of the

level sludge (seeAppendixE). The verticalbuoyancyforcesof the retained

gas, insteadof being resistedby the verticalweight force of the overlying

material and materialcohesiveness,would be resistedby the skewedweight

(partiallyhydrostatic)force of the deep sludgeon one side and only partly

canceled by the hydrostaticpressureforce of the liquid on the other side.

This skewed forcewould tend to reducethe angle of reposeand to level the

pile-up if motionwere not preventedby internalfriction. If more gas per

unit volume were generatedwithin the hottestcontourof the pile-up,then the

liftingforce of the gas would be largerwithinthis contour. The lifting

force combinedwith the weight force along the wall would form a couple,tend-

ing to rotatethe sludge,level the pile, and let the gas rise. The buoyancy
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or gas content required for this to occur would be less than that needed to

becomeunstable in the ]eve] sludge case, because of the large couple formed

and because the gas in the pile is at a lower hydrostatic pressure, thus giv-

ing more volume and buoyancy than in the nonleve] case. Higher viscosity

would be requiredto maintainthe pile in a conditionof instabilitythan

would be required for the level layer in its Rayleighinstabilitysituation.

The piled materialwould tend to overturnand releasegas. The smaller

amountof retainedgas would thus tend to reducethe size of subsequentGREs

relativeto those with the level nonconvectivelayer. The actual size of GREs

would be subjectto variationdue to the historyof the previousreleasesand

the degree of releasethat may have occurredwhen the pile-upwas producedby

the pump.

In summary,it does not appear that extremepile-upwould substantially

increasethe retentionof gas in the waste;more probably,retentionwould be

reduced.
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APPENDIXA

ESTIMATIONOF SIZE OF DISSIPATIONEDDY AND STABLE BUBBLE SIZE

" In turbulencetheory there are severalscalesof turbulencethat are

used to describethe processof the cascadeof energy from its generationin

• the fluid to its dissipationby molecularmotion or heat. These eddy scales

are the convectiveand diffusive,which are large,and the small-scalemolecu-

lar and turbulentKolmogorovscales in turbulentmotion. On the basis of

Kolmogorov'suniversalequilibriumtheoryof the small scale structure,the

length scale of the dissipationeddies can be estimatedif the energy dis-

sipationrate per unit mass is known.(a)

This length scale is the eddy size at which viscosityis effectivein

smoothingout the flow and dissipatingthe energy as heat. This length is

given by"

n = (V3/E)114

where _ = Kolmogorovmicroscaleof length

v = kinematicviscosity

= energydissipationper 2 unit mass.

Assume that the 150 hp pump energy is dissipatedin one-sixththe tank waste

volume having an averagespecificgravityof 1.5. This gives

150 x 745.7 [N-_] 2sec m
E- = 0.112_

62 4
• 4418 x 32 x_mL_"x 1.5 sec3

6 2.2

J,

(a) Tennekes,H., and J. L. Lumley. 1972. A First Course in Turbulence.
The MIT Press,Cambridge,Massachusetts.
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The viscosityof warm liquid in the tank is about 20 mPa-s, so the kinematic

viscosityis:

20 x ]O-3[pa.s] 0-6 m2v= =13xl

1.5 x 1000 '--Kg sec2
3

m

The dissipationscale length is"

n ((13xln_._,3= - )I/4= 380 /_m
.112

This size of dissipationeddy is largerthan the large particlesize

distributionmode (100/_mdiameter)in the tank waste. The flow that a par-

ticle experienceswill be essentiallylaminarin the neighborhoodof a par-

ticle. Hence, the turbulenteddies shouldnot significantlyinfluencethe

diffusionof materialto the surfacesof these tiny crystals,and the crystal

morphologywill be little affectedby the mixer pump.

CALCULATIONOF LARGESTBUCBLESIZE IN PUMP

By dimensionalarguments,Thomas(a)has shown that the diameterof the

largestbubble stableagainstbreakupin a turbulentflow field is given by"

dL_(_o)315E-21s
P

where o = surfacetension

p = density

= energydissipation.

(a) Thomas, R. M. 1981. "BubbleCoalescencein TurbulentFlows." Int. J.
MultiphaseFlow, 7(6)'709-717.

A.2



Assuming that 10% of the pump brake horsepower(103 hp) is dissipatedin

an estimatedpump internalvolume of 0.433 m3, a surfacetensionof 78 d/cm

(similarto 3 M sodiumnitrate),and a specificgravityof 1.5, the above

equationyields an estimatedmaximumbubble size of 1000_m. Therefore,the

turbulencein the pump and initialpart of the jets would tend to break larger

" bubblesto this (orderof magnitude)diameter.
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THERMALANALYSISOF PILE-UPSITUATIONIN TANK241-SY-I01
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SUMMARY

This thermal analysisof the SY-I01 tank shows that piling up of the non-
convectiveslurrydue to jet pump actiondoes not impact the temperaturesand
subsequentgas-generationof the waste. The resultsshow that temperature
profiles shiftwith the geometrybut that the volumeof waste that is heated
to a given temperatureis approximatelyequal for both the pile-up scenario
and the undisturbedcondition.

INTRODUCTION

The purposeof this analysis is to determinethe thermal impactdue to an
assumedredistributionof the tank contentsdue to the action of the mixing
pump during the mitigationtest. If this were to happen,the geometryof the
waste would change and possiblyincreasethe effectivepath length for heat

. loss by conductionthroughthe non-convectivewaste.The analysispresented
here uses a simplifiedmodel to comparetemperatureprofilesfor both the
pile-upand undisturbedconditionsfor a 100 day transientsolution.The

. geometryof the model was based on informationreceivedfrom Z. I. Antoniak
and conservativelysimplifiedto simulatea worst case condition.
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MODEL

Two models were used in the analysis,one for the pile-upscenerioand one for
the .undisturbedcondition.Both models were generatedin COSMOS/M using
planeZdelements in an axisymmetricsolution.The undisturbedmodel consists
of 200 inchesof non-convectiveslurry and 216 inchesof convectiveslurry.
The pile-upconditionmodels the non-convectiveslurrywith a 43 degree sloped
surfaceprojectingradiallyup from the center.To be conservative,the slope
is assumedto be the same all the way aroundthe tank. The resultingvolume of
non-convectivewaste for a 43 degree slope is actually50% more than what's in
the tank which resultsin approximately30% more heat generationbut this is
consideredconservative.Both models use convectionoff the top, bottom and
sides for heat loss and internalheat generationas shown in table I. The
initialtemperaturefor both cases is 120"F.Materialpropertieswere taken
from ReferenceI.

i iT_ i , ,,, ,

TABLE 1. MATERIALPROPERTIES
l

MP DENSITY CONDUCTIVITY SPECIFICHEAT
i ii| i ,

Btu/ft Btu/in Btu/Ibm Btu/Ibfo
Ibf/in3 Ibm/in3 hr °F sec °F • °F • m/sec(

SLUDGE 1 0.06139 1.59E-4 0.35 8.1E-6 0.8 309

304SS 2 0.284 7.35E-4 31 7.1E-4 0.111 42.9

AIR 3 0.00004 1.03E-7 0.014 3.2E-7 0.24 92.7

NON- 4 0.04657 1.21E-4 0.35 8.1E-6 0.8 309
CONV

CONV 5 0.048 1.24E-4 0.35 8.1E-5 0.8 309
m 1 , , ii _ iii i i

CONVECTION{TOP) - 2E-6 Btu/in2 s °F Ref. Temp. = IO0°F

CONVECTION{SIDE) --2E-6 Btu/in2 s °F Ref. Temp. = IO0°F

CONVECTION(BOT) --3.65E-7 Btu/in2 s "F Ref. Temp. = gO°F

NON-CONVECTIVEHEAT GENERATION--6.gE-8 Btu/secin3
i,

CONVECTIVEHEAT GENERATION = 2.gE-8Btu/secin3
i iiii i i lJl i i
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RESULTS ,=_,_ =,,= ,..
TIN[ STIC]P•iIO )AY$ _ 134
3NITI_ TDCPI_IAT_III_ • I_0 r

Ftgure 1 shows the T_.:lr,-,®lr . .= r _,27
H{ !('-6 Iti,I/fl _I_ 121

.. temperature contours in 2 _ _ I-_'"the waste after a 100 day - _,,?
transientsolution for the

• undisturbedcondition. _ w,,,

temperaturereached is _.
134"F. To calculatethe
volume of waste heated to _'_

the dimensions shown is F---
rotated about the center 80 32o

axis. L__

Thevolume is: _ __(3 • 14) (328)z(80).27E6 in z
= 117,000 gal• ,,-,,--lrMc - 3,&5(-7 D'tu/sQ I_ sec Ir

Figure 1. UNDISTURBEDCONDITION

Figure 2 shows contours TRRNS=NT_Q.U110N
for the pile-upcondition ,,_==,.,,o=,=
after a 100 day transient.
The maximum temperature "

' _ I34

Ii_ I2Ivolume of waste heated to -_

134"F is calculatedfrom a _,,,

torruswith dimension __ _ Lu,,,
estimatedas shown in the _ 4_ _ _
figure. =_

The volume =

(2)=27•6E6119,000(3• 14)z(2_6)insgal•(70)z ii_ /____l'

, The differencein the two _ :_o:_ -_- : _i
volumes is 2% When the .=• ___
fact is consideredthat

. the total heat generation
for the pile-upscenerio Figure 2. PILE-UPCONDITION

• is 30% more than actual,
it becomesevidentthat
the pile-upconditionwill not result in increasedtemperatureprofiles
within the tank•
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If you have any questions please contact meat 376-4511.

H._D'._Nor_ Engineer i

CONCURRENCE:

W. L. Knecht. Manager Date: "7 (_-_ (C_"_---
Waste Characterization Analysis
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Westi nghouse I ntern al
Hanford Company Memo

From: Fluid Systems
Phone: 376-4511 L5-07
Date" August 18, 1992
Subject: JET PUMP PILING UP, FLAT PILE-UPSCENARIO

. To: R.T. Alleman K7-15

CC"

T. R• Beaver H0-33 F. J• Heard H0-34
T. R. Benegas H5-09 G.D. Johnson R2-78
T. M. Burke H0-34 W.L. Knecht H0-34
S. C. Chang H0-34 M.R. Kreiter K7-90
W. L. Cowley H5-31 J.W. Lentsch R2-78
L. E. Efferding H0o33 R.M. Marusich H5-32
J. M. Grigsby H5-32 D.M. Ogden H0-34
F. C. Han L5-07 K. SathyanarayanaH0-34
C. E. Hanson H5-09 S.A. Wood H0-34

• ' .... "Tank I01-SY HeatReferences (I, InternalMemo, G L Fox to J M Grigsby,
Transfer Studies,"dated March 6, 1992.

(2) InternalMemo, M. D. Northeyto R. T. Alleman, "Jet Pump
Piling Up," date April 15, 1992

SUMMARY

This thermal analysisis in responseto a requestby R. T. Alleman to consider
an additionalpile-upscenario in additionto the work performedin reference
2. The descriptionand resultsof the previousanalysisare included in this
report for convenience.The additionalscenarioconsidersan increaseddepth
in the non-convectivewaste and the resultsshow that the maximum temperature
reached for the I00 day period is the same as the undisturbedcase but that
about 25% more waste is heated to that temperature.

INTRODUCTION

The purpose of this analysis is to determinethe thermal impactdue to an
• assumedredistributionof the tank contentsdue to the actionof the mixing

pump during the mitigationtest. If this were to happen,the geometry of the
waste would change and possiblyincreasethe effectivepath length for heat

• loss by conductionthrough the non-convectivewaste•The analysis presented
here uses a simplifiedmodel to comparetemperatureprofiles for two pile-up

. conditionsagainstan undisturbedconditionfor a I00 day transientsolution.
The geometry of the model was based on informationreceived from Z. I.
Antoniak and conservativelysimplifiedto simulatea worst case condition.

C.1
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MODEL

Three models were used in the analysis,two for the pile-upscenario and one
for the undisturbedcondition.The models were generatedin COSMOS/M using
plane2d elementsin an axisymmetricsolution.The undisturbedmodel consists
of 200 inchesof non-convectiveslurry and 2]6 inchesof convectiveslurry.
The first pile-upconditionmodels the non-convectiveslurrywith a 43 degree
sloped surfaceprojectingradiallyup from the center.To be conservative,the
slope is assumedto be the same all the way aroundthe tank. The resulting
volume of non-convectivewaste for a 43 degree slope is actually50% more than
what's in the tank which results in approximately30% more heat generationbut
this is consideredconservative.The secondpile-upconditionassumes that two
30° sections (per conversationwith R. Alleman) in the non-convectivewaste
area are replacedwith convectivewaste and that the non-convectivewaste
removedis depositedevenly along the top of the remaining300° of undisturbed
non-convectivewaste. This results in an increaseddepth of 40 inches in the
undisturbednon-convectivewaste. The models use convectionoff the top,
bottom and sides for heat loss and internalheat generationas shown in table
1. The initialtemperatureis 120°F.Materialpropertieswere taken from
ReferenceI.

, ii|li ,, , i ,ii, ,,,,,,,,

TABLE I. MATERIAL PROPERTIES
i

MP DENSITY CONDUCTIVITY SPECIFICHEAT
l ,, , ii iii

Btu/ft Btu/in Btu/Ibm Btu/Ibfo
Ibf/in3 Ibm/in3 hr "F sec "F • "F • m/sect

i

SLUDGE 1 0.06139 1.5gE-4 0.35 8.1E-6 0.8 309

304SS 2 0.284 7.35E-4 31 7.1E-4 0.111 42.9

AIR 3 0.00004 1.03E-7 0.014 3.2E-7 0.24 92.7
i

NON- 4 0.04657 1.21E-4 0.35 8.1E-6 0.8 309
CONV

CONV 5 0.048 1.24E-4 0.35 8.1E-5 0.8 309
I ! ........ _

CONVECTION(TOP) = 2E-6 Btu/inz s "F Ref. Temp. = IO0"F

CONVECTION(SIDE) = 2E-6 Btu/in2 s "F Ref. Temp. = IO0"F

CONVECTION(BOT) = 3.65E-7 Btu/in2 s °F Ref. Temp. = gO°F

NON-CONVECTIVEHEAT GENERATION= 6.9E-8 Btu/secin3
,ii ,,,

CONVECTIVEHEAT GENERATION = 2.9E-8 Btu/secin3
J i i i "I'
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RESULTS ,,_,, =u,,= ,..
'Ill, lE STL"P - 100 ]_YS

]NITIN. TIL"NP_*TU_ • I_0 lr _ 134

Figure 1 shows the '""""®*NC • _r-6 I_u/sO lm SeC f" [27
12G

temperature contours in the 2 ,,,
waste after a I00 day ,,,
transientsolutionfor the - '"

. undisturbedcondition.Note 3
that the maximum temperature J "

reached is 134°F. To I _

. calculatethe volume of waste -_ -.t
ii

heated to 134°F, a rectangle o :_.
with the dimensionsshown is I 6 _
rotatedabout the center I

axis. sol _ 32B

The volume is: I
(3.14) (328)2(80)=27E6 in 3 _ I " "

= 117,000gal. _ x
T(PeF) • 90 F
Mc - 3,£5£-7 l*_sa t_ se¢ F

Figure 1. UNDISTURBEDCONDITION

Figure 2 shows contoursfor TNANSIIENT SDL.UIION

the pile-upconditionafter a _,_s_,.,,_,s
100 day transient.The
maximum temperaturereached 2 2 ,_,
is also 134oF.The volume of ,_
waste heated _L0 1340F is 3 3 L='
calculatedfrom a torus with *_'tj7

dimensionestimatedas shown ,,,

in the figure.

The volume = )2 _._(2)(3.]4)2(26)(70
= 27.6E6 in _,,
= 119,000gal. "°

The differencein the two
volumes is 2%. When the fact
is consideredthat the total
heat generationfor the pile-
up scenariois 30% more than " 286
actual,it becomesevident Figure 2. PILE-UPCONDITION
that this pile-upcondition
will not result in increased
temperatureprofileswithin the tank.
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Figure 3 shows the ,..<,(., _.,,= ,.o
temperature contours in the ,,_ ='_- ,-''= []INITIAl. T(14Pi_ATU_I[ - |_0 F |34

waste after a 100 day '"'""'®*Mc • 2E-6 Iltu/Iq m sec r 127

transient solution for the _ __ I ,,,'"

increaseddepth pile-up __'_ \[ ,,,

condition.Note that the 3 _ "'
maximumtemperaturereached _ . .
again is 134°F.To calculate
the volume of waste heated _

to 134oF, a rectanglewith ,._ " : , _ 8-7_ -
the dimensionsshown is _ 6 " _ :_._

rotated about the center f- -_ _ _

axi S. i vo,._• ,._ o-_

1 t 335

The volume is:
(3.14) (335)z(116).41E6 in 3 _ 6

- 177,000 gal.
Less the volume of the two
30° sections (I/6*V) ,,_.,,.,o_Mc • 3_R:-? II_u,'Sq m $K Ir

= 147,000gal. Figure 3. FLAT PILE-UPCONDITION

The resultingvolume of
waste heated to 134°F is about 25% more than the volume heated to 134°F in the
undisturbedcase. The peak temperaturefor all three conditionsis 134°F.This
is becausethe capacity to transfer heat is small when one considersthe large
volumesand subsequentlong effectivepath lengthsfor conduction.The volume
heated to 134°F in all three cases would be similarto heating that volume
under adiabaticconditions.This can be shown by multiplyingthe heat
generationrate by the specificheat of the waste for a unit volume"

Q*t=m*Cp*(TI-T2)
TI= (Q*t)/(m*Cp)+ TI
= (5.96e-3Btu/day* 100 days)/(O.04657Ib * O.B Btu/Ib °F) + 120°F

TI= 136°F

C.4



R. T. Alleman
Page 5
August 18, 1992

Therefore, for time periods less than one year, the volume of waste that is
heated to a given temperature is dependent on the geometry of the waste while
the maximumtemperature reached in the waste is primarily a function of time.

If you have any questions please contact me at 376-4511.

. M.D. Northey, Senior Engineer

CONCURRENCE:

W. L. Knecht,Manager Date:
Waste CharacterizationAnalysis
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APPENDIXD

CALCULATIONOF BUBBLEDRIFT INTO PUMP INLET

" Calculationof BubbleSize Likely to be Inqestedinto Pump Inlet

The pump is approximately42 in. (3.5 ft) in diameter. Assume that the
4

material passinginto the pump passeshorizontallyand upwardsthrougha

boundarycylinder42 in. in diameter. This has a total inlet area of

20.6 ft2.

At a maximumflow of 87 fps throughtwo 2.6-in.nozzles,the pump volu-

metric flow is about 6.4 ft3/sec.

Hence, the averagevelocitytoward the inlet is 6.4/20.6= 0.31 ft/sec.

The Stokes regimerise velocityof a bubble is given by

I d2g(Pf-Pg)
V : --

18 #_f

where d = diameter

g = acceleration

p = density

/_= viscosity

f and g = fluid and gas, respectively.

This equationcan be solved for the diameterof a bubble havingthe

inlet velocity in the supernatantliquidof viscosity24 cP and specific

gravityof 1.46. Then

I

I18 x 0.31 x 24 x 6.4 x 104
= _ ")2=0.00307 ft =0.037 in.d

1.46x 62.4

D.I



Bubbleslarger than this sizewould travel fasterand be less influenced

by the inlet velocityof the pump and would be more likelyto rise past the

pump inlet.

D.2
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APPENDIXE

ILLUSTRATIONOF PILE-UPINSTABILITY

CASE 1. Level NonconvectiveLayer

Buoyant force on two parts, one each side of center,dependson density

difference,Ap.

The buoyantforce on each side"

VIA p : V2AP

The buoyantforcesare nearlyequal,so the turningmoment is small and low

strengthor force is needed to resistthe motion.

E.!
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I

CASE2. Piled-up Surface of NonconvectiveLayer

Buoyantforce on two parts dependson the volumes.

The buoyant force on each side"

Vi _p < V2 _p

The buoyantforcesare unequal,producinga largerturningmomentthat

requiresa higherforceor strengthto resistmotion. Hence,turnoveris more

likelyandthe situationis lessstable.

E.2
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APPENDIXF

CALCULATIONOF HOLDUP IN MIXED WASTE

lt has been suggestedthat I) mixingwill reduce the viscosityin the

non-convectiveregion so that more bubbleswill rise from that layer; and

2) becauseof the higher viscositycreatedin the convectivelayer, the

bubblescreatedthere will move more slowly. Below is a rough estimate of the

size of this effect based on some measuredviscositiesof the Core C samples.

F.I CURRENTSITUATIONIN CONVECTIVELAYER

Approximately75 ft3/dayof slurrygrowthgas (SGG) are being retained in

the nonconvectivelayer until a GRE° lt has been presumedthat in a roughly

equal volumeof convectivelayer,an equal amount of gas is generatedbut is

releasedcontinuously. If the generatedgas forms into bubblesto release

from the convectivelayer, one can estimatethe bubble size that would drift

to the top in the 100-dayperiodthat the nonconvectivelayer retainsgas.

The velocityis then

height 200 x 2 54 = O-Su = = " 6 x I cm/sec (F.I)
time 100 days x 24 x 3600

For small bubblesin Stokes rise regimethe bubble size that would have

this velocityin the materialhavinga viscosityof about 30 cP is

e

Ds =[18upll/2 = 18"6 x 10-5. 0.28 :4.6x I0-4cm (F.2)
• I,-'_) 1.46 " 980

i F.1
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where Ds = diameter of risingbubble in Stokesregime

u = velocityof bubble

= viscosityof liquid

p = density of liquid

g = acceleration.

Thus, during the existingsituation(havinga convectiveand nonconvec-

tive layer),bubblesof 4.6-i_mdiameterand largerwould have sufficienttime

to rise out of the convectivelayer. These bubblesmay be those that collect

particlesand form the foam or crust near the top. The gas of about 4.6 _m

and smallerthat don't releasewould continueto grow and/orform a foam.

However,gas generationversus releasein the convectivelayer appearsto be

stabilized. There has been no evidenceof continuedlevel growththat would

accompanyfoam/crustthickening. This layer is somehowallowingthe gas to

pass through,and indeedthe calculationof Strachan(a)suggeststhat the

crust is permeableat the rate of gas being generated. The foam or crust

appearsto be about two feet thick accordingto temperaturemeasurementsand

representsabout 6% of the level measuredin the tank. Hence there appearsto

be a releasefrom the convectivelayer at the bubblesize that may exist

there.

F.2 THE SITUATIONAFTER MIXING

After using the pump, the turnover actioncombinedwith periodicpump

use is hoped to bring all or most of the nonconvectivelayer into suspension

and into a more fluid state such that gas will be mobilizedand can release

continuouslyas describedabove for the convectivelayer. In this situation,

the entire tank contentsproducing150 ft3 of gas per day will be presumedto

be mixed into a slurry. Person(b)has measuredthe viscosityof a composite

(a) Strachan,D. M. 1975. Effect of Carbon Dioxideon the Permeabilit,yof
Syathetic Hanford Saltcake. ARH-ST-130, Atlantic Richfield Hanford o
Company,Richland,Washington.

(b) Person,J. C. September2, 1992. Gas RetentionTests on I01-SYTank Waste
After Mixinq. WHC 12110-PCL-068, letter report to J. W. Lentsch,
WestinghouseHanfordCompany,Richland,Washington.
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mixed sample as being 500 cP. This thickermixturewill requirea larger

bubble to drift out. On a similarbasis, the velocityof the releasingbubble

from the 33-ft deep mix would be:

height 33 x 30 48
• u - _ " = 1.16x 104 cm/sec (F.3)

time 100 x 24 x 3600

And the Stokesregime bubblediameterwould be:

I 11/2
:118U#11/2 = 18" 1.16 x 104. 5 = 26x 104 cm (F.4)

Ds k--_-) 1.6- 980

Thus, a 26-/_mbubble(a)will beneeded to drift to the top of the slurry in

the same time periodthat has been typicalof the GRE intervals.

F.3 HOLDUP

Althoughno new processeshave been introduced,there will be a range of

bubble sizes (sizegroup) between4.6 and 26 /_mthat will be collected(or

held up) in the tank which were releasedbefore and these will involvethe

entire gas production(b}of the tank. If the entiregas productionis

assumedto pass throughbubblesof this size range, one can estimatethe

number concentrationof bubblesinvolved.Thus the number of bubblesachieving

the 26 pm size (andthus rising from the mixed waste) is:

, (a) In a similarcalculation,Personhad estimatedan 18 /_mdiameterfrom
the releasingbubbles.

(b) Rate of gas productionfor entire tank of mixed waste is about
150 ftO/day. Thus the volumetricrate is dVg/dt =

150/(24.3600.33.3.4418)= 1.18 x 10TM mLgas/Sec-mLwaste.

F.3



dN _ rate of gas _ _ _ 1.18x 104 1.28 bubbles

dt volume per bubble Vb -_ x (26 x I0_)3 sec-mL (F.5)
6

There would be many more bubblesrequiredto carry the gas productionif

they were at the lower end of the size group (about230/sec.mLof the 4.6 /_m

bubbles), lt is assumedfor the holdup estimationthat all of the gas produc-

tion is absorbedby those bubbles in the size group and that there is no crea-

tion of bubblesin the size group and no coalescenceoccurs.(a) Then the

number of bubblesin the size group stays the same, and per unit volume (at

steady state for each intervalof time) 1.28 bubbleswould enter the size

group at 4.6 /_mas 1.28were leavingat 26 #m. The enteringbubbleswould

carry the equivalentof (4.6/26)3"150= 0.83 ft3/dayinto the size group, and

this will be considerednegligiblefor this analysis.

The size group is like a reservoir. At steadystate a reservoircan be

any size and still have the inflowsand outflowsequal. The holdup is repre-

sentedby the size of the reservoir,i.e., the amountof gas in the size

group. For this group, gas flows in by diffusionto the bubblesin the group

and flows out by virtue of some bubblesreachingthe 26 /_msize. The longer

time it takes for the bubblesto grow, the largerthe holdup.

A simplified(b)estimateof the time for the bubblesto grow will be

made by consideringthe diffusionrate expectedto an area-average-size(c)

bubble in the size group and the number of bubblesthat would absorb the gas

generationrate. Since this is a rough estimatecalculationat this point,

(a) Coalescencewould reducethe holdup by increasingthe size of the
bubblesto releasablesize more rapidly. Creationof new bubbleswould
take some of the generatedgas from that assumedto be growingthe
bubblespresent.

(b) A more completeanalysiswould considerthe changingbubble size with
diffusiongain and how this would affect the relativegrowth rate of the
bubbleswithin the size distribution.

(c) Area averagesize bubble for group is [(4.62+ 262)/2]½= 18.7/_m
diameter.

F.4



considerationsof solubility,local hydrostaticpressure,and surfacetension

are disregardedas being of secondaryimportance.

Within the size group then the total volumetricgas generationrate is

assumedto be diffusedby moleculardiffusionto the numberof averagesize

bubbles. Hence,

• dx N_-_b24000 (F.6)
_g = CDAB dz MW

where V2 = gas generation

c = concentrationof gas in solution

DAB= diffusivityof gas

dx
dz - gradient

N = number of bubbles/volume

Ab = mean area of bubble

24000
MW - gas volume per unit mass.

This equationis an adaptationof mass flux equationsfound in textbooks

on mass transport.(a) The equationcan be solvedfor N if the other factors

can be estimated.

If the bubblesize is small'relativeto the volume,the concentration

gradientdx/dz will be approximatelythe saturatedconcentrationdividedby

i/2 the distancebetweenbubbles. The distancebetweenbubblesis roughly

(l/N)I13. Then

(a) Bird, R. B., W. E. Stewart,and E. N. Lightfoot. 1960. Transport
Phenomena,John Wiley & Sons, New York.

F.5



}3/4

2_?g MW (F 7)N= x

XCDAB A b 22400

The most rapidlydiffusinggas is hydrogen;it will determinethe

spacingof new bubblesand will be assumedto be representativeof the dif-

fusing gases in this estimate. Hydrogenaccountsfor about I/3 of the

generatedgas, so:

Vg = 1.18x10-8/3= 3.9xi0-9mL/mLwaste

MW = 2 gm/mole

x.c = 1.6xi0-6g H2/mLbased on HydrogenSolubility(a)

DAB= 5XI0"5cm2/secin water11.

But DAB is inverselyproportionalto the viscosityaccordingto the Stokes-

Einsteinequation;i.e.,DAB - C/#. Thus, for the 500 cP waste mixture,

DAB= IxIO"7cmZ/secin the waste mixture

Ab = mean bubblesurfacearea = _D2 = _(18.7xI0-4)2 = 1.1xi0-5cmz.

Using the above values,the estimatednumberconcentrationof bubbles in the

4.6 to 26 /_msize group is 1.6xi04bubbles/mL. The volumetricaveragesize of

the bubbles is [(4.63+263)/2]I/3= 20.7 /_m. Hence,the volume of gas contained

in the size group, or holdup is"

Volume fractionholdup = 1.6xlO4 • n/6 • (20.7xi0-4)3 = 7.4xi0-5mL/mLwaste.

(a) Allemann, R. T., et al. 1991. MechanisticAnalysis of Double-ShellTank
Gas Release. ProgressReport,November1990. PNL-7657,PacificNorthwest
Laboratory,,Richland,Washington.
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F.4 GAS TRANSPORTTHROUGHCRUST

An estimatecan be made of the resistanceof a crust formedon top of

the mixed waste to the permeationof generatedgas through it, if it is

assumedthat the crust becomescontinuousabove the waste when pump mixing is

successfuland eliminatesthe episodicenergeticrolloversthat currently

break up the crust.

, Strachan(a)measured the permeabilitiesof syntheticHanfordsalt cake

made up and packed, eliminatinggas inclusions. This materialhad a measured

permeabilityof about I Darcy,(b}which can be taken as a conservativevalue

for the crust that develops on top of the foam in Tank 241-SY-I01and on the

samplesof waste taken from the tank.

The Darcy equation

AP __#u
L k (F.8)

where AP = pressuredifferenceacrossmaterial,atm.

L = distanceacross material,cm

k = permeability,Darcys

/_ = viscosity,cPoise

u = superficialvelocityof gas, cm/sec,

can be solved for AP using

L = 3.3 feet = I00 cm

k = I Darcy

w

, (a) Strachan,D. M. 1975. Effectof Carbon Dioxideon the Permeabilityof
SyntheticHanford Salt Cake. ARH-ST-130,AtlanticRichfieldHanford
Company,Richland,Washington.

(b) Amyx, J. W., D. M. Bass, and R. L. Whiting. 1960. PetroleumReserve
Enqineerinq,p. 71. McGraw-Hill,New York.
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# = 0.015 cP (typicalvalue for gases)

u = -Q/A--[150 ft3/day/(24 .3600)/4418]x30.48=-l.2xlO"scm/sec

Thus, the pressuredifferenceacross 100 cm of crust like Hanfordsalt-

cake, that would allow the total gas generationrate to permeatethroughthe

crust is

AP = 1.8 x 10_ atm (F.9)

The pressurecreatedby the weight of the crust would be about:

1.3 x 3 feet/33.9 (ft H20/atm) =0.11 atm (F.IO)

This pressureis well above that neededto transmitthe gas throughthe

crust. This indicatesthat large bubblesdo not have to reach a liquidfree-

surfaceto releasetheir gas benignly. Sufficientgas releasecan be obtained

by permeationfrom gas under the crust.
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