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SUMMARY

The objectiveof this work is to analyzethe HanfordWaste Vitrification

Project (HWVP) feed preparationtank mixing pump agitationdesign. This was

accomplishedby I) reviewingmixing pump characteristics,2) performing

computermodeling of jet mixing and particulatematerial transport,3)

evaluatingthe propensityof the tank and mixing pump design to maintain

particulatematerial in the tank in a uniformlymixed state,and 4)

• identifyingimportantdesign parametersrequiredto ensure optimum homogeneity

and solids contentduring batch transfers.

These modeling investigationshave shown that severalparametersproduce

a profound effect on the abilityof mixing pumps to maintain particulatein

suspensionand resuspendmaterial that settlesto the tank floor. These

include:

• ParticleSettlinqVelocity. Two particulatesizes and densities
were investigated;these propertiesaffect the particle settling
velocity• Small, less dense particlesare maintained in suspension
more readilythan large, more dense particles.

• CriticalShear Stress for Resuspensionand Deposition. Critical
shear stress for resuspension(deposition)denotesthe shear stress
above which (belowwhich) materialwill be eroded from (deposited
to) a bed load of material on the tank floor. Shear stress
distributionis calculatedat the tank floor along the path of the
jet. Three critical shear stress assumptionswere evaluatedalong
the path of the jet: I) greaterthan the maximum value, 2) less
than the minimumvalue, and 3) betweenthe maximum and minimum
values. These assumptionscorrespondto situationswhere
particulatematerial is I) deposited(with no resuspension)at all
positionsalong the jet path, 2) resuspended(with no deposition)
at all positionsalong the jet path, and 3) resuspendedover the
poYtionof the jet path near the jet and depositedover the portion
of the jet path away from the jet.

• RetrievalPump Placement. Locationof the retrievalpump can
increasethe uniformityof the feed streamconcentration. This

" featurecan be used to fine tune the uniformityof the feed stream.
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These analyses have predicted mixer pumpperformance in the HWVPfeed

preparation tank based on a single, centered pumpmodel. Results are extended

to a six-pump design. The results show that the six-pump orientation has a

good potential to provide a relatively uniform concentration throughout the

tank, subject to certainlimits on particlesize and density. The greatest

uncertaintyin this work is in the estimationof critical shear stress for

resuspension.

lt would be extremelyvaluable if additionalinvestigationswere

conductedto determinethe critical shear stress for resuspensionand

deposition for settledsolids for particulatetypes anticipatedto be present

in the HWVP feed preparationtanks.
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1.0 INTRODUCTION

Oscillatingjet mixing pumps with dual-opposedhigh velocityjets, as

shown in Figure 1.1, are proposed for use in waste remediationand retrieval

operations in double-shelltanks at Hanford• Analytical,experimental,and

computationalinvestigationsto developmixing pump operatingstrategiesand

• to predictmixing pump performanceare underwayto supportthe Westinghouse

Hanford Company (WHC) Double-ShellTank Retrievalproject and Waste Tank

• Safety program (Tank I01-SY Mitigation/Remediation).The informationgained

in these investigationsis being appliedto analyzethe performanceof the

mixing pump configurationand the strategyfor the Hanford Waste Vitrification

Project (HWVP)feed tank mixing pump design and operation•

, FIGURE 1.1 Double-ShellTank Waste RetrievalEquipment
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1.1 OBJECTIVES

The objectiveof this work(a)is to projectthe performanceof HWVP

feed preparationtank mixing pump agitation. This is to be done by

• reviewingmixing pump characteristics

• performingcomputermodeling of jet mixing and particulatematerial
transport

• evaluatingthe propensityof the tank and mixing pump design to
maintain particulatematerial in the tank in a uniformlymixed state m

• identifyingimportantdesign parametersrequiredto ensure optimum
homogeneityand solidscontent during batch transfers.

1.2 LIMITATIONS

Limitationsare inherentto any analysisbecause of uncertaintiesin

defining the system and applicabilityof analyticaltools. These limitations

are listed below.

• Incompleteknowledgeof the physical propertiesof the materialsto
be stored in the HWVP feed tank providesan uncertaintyin the
ability of the mixing pump to resuspendthe particulate.

• The computationalmodel being used for this analysis has not yet
been developedto representoff-centermixing pumps that rotate.
Therefore, a centrallylocated singlemixer pump model that includes
pump rotation is used as a basis for this analysis. A nonrotating
pump model is used to investigatethe sloped floor effects.

• The computationalmodel of the free fluid surfaceat the liquid/air
interfaceis nondeformable. At low liquid levels in the tank, the
model does not representthe free surface (roiling)motion present
directly above the jet.

The first of these limitationsis relatedto uncertaintiesassociated

with depositionand resuspensionof materialon the tank floor. A critical

shear stress model is used in the analysis. Initiallythis model requires

constants for the criticalshear stress for deposition,resuspendabilityof a

(a) The work was performedby PacificNorthwestLaboratoryfor Westinghouse
Hanford Company. PacificNorthwestLaboratoryis operated for the U.S.
Departmentof Energy by Battelle Memorial Instituteunder ContractDE-
ACO6-76RLO 1830.
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material,and critical shear stressfor resuspension. Lack of knowledgeof

the physicalcharacteristicsof HWVP feed preparationtank contents limits

applicabilityof resuspensionconstantsobtainedfrom literatureand leads to

an uncertaintythat cannot be quantified. Uncertaintyof depositionconstants

is reducedby making a conservativeassumptionthat there is no hysteresis in

the critical shear stressfor depositionand resuspension.

The second limitationis not criticalto this analysis. Resultscan be

extendedfrom the one-pumpcase to the six-pumpcase with some certainty

' through analysisof shear stress distributionalong the axis of the jet.

The third limitationcan only be addressedin a generalway. While

surfacedeformationis expected,especiallyat low liquid levels, its

occurrenceshould be primarilyrelatedto surfaceeffects (e.g., aerosol

generation,bubble entrainment)and not to mixing in the liquid volume.
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2.0 CONCLUSIONSAND RECOMMENDATIONS

Conclusionsand recommendationthat evolved from this analysisare

presented.

2.1 CONCLUSIONS

' The analysiswas conductedin stages. Computationsbased on a single-

pump, flat-tank-floormodel definedhydrodynamicsin the tank. This analysis

' was extendedto a nonrotatingsloped-floormodel. Both were combined to

developthe characteristicsof a six-pumpdesign. Separateconsiderationsfor

retrievalwere also addressed.

2.1.1 Single-Pump,Flat-Tank-FloorModel

A centrally-located,rotationally-oscillatory,dual-jetmixing pump

computermodel was used to investigatehydrodynamicsof the flow field and the

effectsof solids settling. For these investigationsin the resuspension-

depositionmodel, the criticalshear stress for deposition (rd) was

conservativelyset equal to the critical shear stress for resuspension(Tr).

• Three fluid depths [9.1, 5.3, and 2.3 m (30, 17.3 and 7.6 ft)] were
investigated. Floor-jetcharacteristicschange markedly for the
lowest fluid depth case. The presenceof the fluid surfacelimits
the developmentof the floor jet by providinga hindranceto
entrainment,and the jet flow that impingesupon the outer tank wall
has greater tendencyto move tangentiallyaround the tank than to
climb the outer wall. Buoyancyeffects can be expectedto
exacerbatethis problem in the event a non-uniformlymixed condition
develops.

• The shear stress distributionsalong the axis of the jet for the
three fluid depths calculatedby the code are conservative. This
was concludedbecausethe shear stress predictedby the code was

. less than expected based on data from a correlationfor a floor jet.
Consequentlythe amount of depositedmaterial that is predictedto
be resuspendedwould be less than would occur in the tank.

Three criticalshear stress assumptions(less than, equal to, and greater

than the calculatedfloor shear stressesalong the axis of the jet) were

evaluatedfor 70 and 10 /J particulatein 9.I-m (30-ft)depth fluid. The

critical shear stressfor resuspensionof particulatematerial is of primary

importance. If the critical shear stressfor resuspensionof settledmaterial
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is significantly less than the turbulent shear stress at every point on the

tank floor, an equilibrium condition would exist wherein only a small fraction
of the material in the tank would be on the floor at any given time (based on

the jet oscillation rates and settling velocities used in these analyses).
The results showthat

• For the low critical shear stress assumption, all material deposited
on the floor betweenrotational sweeps of the jet is resuspended
from the floor layer by the jet.

• For the equal critical shear stress assumption (in this case the
critical shear stress that is assumedis greater than the minimum
floor shear along the jet axis, but less than the maximumfloor
shear), material is resuspended over only a portion of the length of
the jet axis where the turbulent shear stress of the jet is greater
than the critical value for resuspension. Resuspendedmaterial is
deposited further along the axis of the jet where the local
turbulent shear stress of the jet is less than the critical value
for deposition.

• For the high critical shear stress assumption, no material is
entrained by resuspension and a relatively flat layer of material
builds up on the floor. This layer could conceivably becomerather
thick over a long period of time.

2.1.2 Sloped-Floor Model

A sloped-floor model based on a single, stationary, dual-jet mixing pump,

offset from the tank center was analyzedto investigategeometric intersection

of an unconfinedround free jet with a slopingtank floor and hydrodynamicsof

the jet and the shear stressdistributiondevelopedalong the floor.

• Analysis of a jet with a 7 degree half angle of expansionindicates
that there is sufficientoverlapof the floor sweeping effect of the
jets to well cover the whole floor of the HWVP feed preparationtank
with six mixer pumps.

• Analysis of the offset stationaryjet up-slopedirection (shortest
distance from pump to tank wall) and down-slopedirection (longest
distance from pump to tank wall) boundedthe length over which jets
from any singlepump would traversealong the tank floor. The up-
slope side shows increasedshearing action,while the down-slope
side shows decreasedshearing action.
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• For a six-pump configuration, the center of the tank has a greater
propensity to accumulate particulate material because that is the
region where the least shear stress exists for the resuspension of
settled material in a six-pump configuration when the floor slopes
downward toward the center.

2.1.3 Extension of Results to Six-pump Desicln

The TEMPESTcode limitation that a rotating pumpcould only be treated as

centrally located requires that the results of the computer analysis be

extrapolated to the six-pump design. Three areas were investigated:

• hydrodynamic mixing enhancements, physical processes of solid-1 iquid

interactions, and special six-pump cons,derations.

• A single, centered mixing pump is capable of circulating lO-/_n
diameter particulate throughout the tank (subject to uncertainty of
critical shear stress for resuspension); six pumps (each operating
at the design flow rate) would be expected to perform better than
the single-pump model.

• For 70-/_mparticulate with a specific gravity of three, potential
exists for the jet to becomebuoyant (a forced plume) as particulate
material settles between pumposcillations. A forced plume would
tend to lift off the floor as a result of liquid becoming lighter as
particles settle to the floor with time. If the jet becomes a
forced plume and lifts off the floor, it becomes ineffective at
resuspending settled material.

• The maximumdistance that a jet must traverse in the six-jet
configuration is 6.7 m (22 ft). This is less than the 9.9 m (37.5
ft) required for a single, centered mixer pump. Therefore,
significantly larger average floor shear stresses would be expected
for the si x-pump ori entati on.

• Floor jets from adjacent pumpswill necessarily intersect as the
pumpsrotate through a cycle. If the pumpsare rotating
synchronously and their jets are aligned, the ability of the floor
jets to continuously sweep the entire tank floor may be impeded by
the jets interfering with each other. To counter this potential,

• the pumpsmay be rotated asynchronously ,lth varied rotation rates.

• Upon reaching the tank wall, the floor jet will be partially
• diverted up the wall and will be partially diverted azimuthally

around the tank. Any portion diverted up will aid in mixing
material resuspended from the floor. Any portion diverted
azimuthally will carry material further towards a position where
another jet from an adjacent pumpwill pick lt up and move lt back.
This back and forth (washing machine) action should enhance mixing
to maintain uniformity.
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2.1.4 Retrieval pumoOperation

There are two complementary methods to provide a uniform process feed:

1) maintaining uniform concentration throughout the tank via mixing pumps and

2) withdrawal of feed at a location within the tank that exhibits the

specified concentration.

• Concentration profiles of settled solids as a function of elevation
can be used to estimate the appropriate location of the retrieval
pump inlet.

2.1.5 Summary

These analytical and modeling investigations have shown that several

parameters produce a profound effect on the ability of mixing pumps to

resuspend settled particulate and maintain it in suspension.

• ParticleSettlinQVelocity. Two particulatesizes and densities
were investigated;these propertiesaffect the particle settling
velocity. Small, less dense particlesare maintained in suspension
more readilythan large,more dense particles.

• Critical Shear Stress for Resusoensionand OeDosition. Three
ranges, less than, equal to, and greater than the calculatedfloor
shear stresses along the axis of the jet were evaluated. To
resuspendparticulate,the critical shear stress must be less than
the floor shear stress or alternatively,the minimum shear stress
along the axis of the jet must be greater than that required to
resuspendsettledmaterial.

• RetrievalPumD Placement. Proper locationof the retrievalpump
inlet can enhance the uniformityof the retrievedfeed stream. By
locating the inlet at a tank locationwhere the concentration
remains uniformduring mixer pump oscillationcycles and during
retrievalas liquid level changes, uniformityof the feed stream is
increased.

These analyseshave predictedmixer pump performancein the HWVP feed

preparationtank based on a single,centeredpump model. The results show

that the six-pumporientationhas a good potentialto providea relatively

uniformconcentrationthroughoutthe tank. However,there is a potentialfor

the fractionof material that is large particulate(>70pm) to settle to the

tank floor and not be resuspended. The degree of feed stream uniformitycan

be improvedby specificplacementof the retrievalpump suction.
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2.2 RECOMMENDATIONS

To providea uniformfeedstreamfromthe HWVP feedpreparationtanksit

may be necessaryto

• regulatethe sizeof particulateplacedwithinthesetanksto less
than70/_min diameterthrougha pretreatmentprocess. As diameter
anddensityincrease,the abilityof the mixingpumpsto resuspend

• the settledparticulatedecreases.

• use specificplacementof theretrievalpump inletsto enhancethe
uniformityof the feedstreambeingwithdrawnfromthe tank.

Confidencein the analysisof theabilityof the jet to maintain

uniformityin the tankwouldbe enhancedby investigationsto

• determinethe criticalshearstressfor resuspensionand deposition
for settledsolidsthatwouldoccurin the HWVPfeedpreparation
tanks

• optimizeretrievalpump placement.(a)

(a) Retrievalinvestigationsare plannedto be conductedin the PNL Double-
ShellTankRetrievalprojectas a partof the I/4-scaleslurryuniformity
investigations.The schedulefor thesetestshas not beenfinalized.
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3.0 MIXING THEORY AND FEED TANK AGITATIONSYSTEM DEFINITION

Prior to definingthe physicalcharacteristicsand design of the HWVP

feed preparationsystem,a brief review of mixing literature is presentedin

Section 3.1. The HWVP feed preparationsystem is defined in Section3.2.

Physicalpropertiesof the feed are discussedin Section 3.3. Mixing pump

• characteristicsare described in Section3.4.

• 3.1 REVIEW OF MIXING LITERATURE

The analysispresentedin the slurry uniformitystrategyplan (Bamberger,

Liljegren,and Lowery 1993) was based on an extensivereview of jet mixing

literature. A summaryof the results of that analysisfollows. Tatterson

(1991) uncoveredno additionalinformationin a brief review of tank mixing by

jets.

When two fluids are placed in a tank, the concentrationof a particular

constituentwill vary spatially. Stirringthe liquidswill reduce the

concentrationdifferencesuntil the concentrationin the tank approachessome

constant value. The time requiredto reducemaximum concentrationto a

constantvalue depends upon the flow pattern inducedby the mixer. This

mixing time (Tta)(a}is also affectedby flow velocity,turbulence,tank

geometry,and fluid properties. Stirringin a vessel may be accomplishedin

two ways: mechanicalagitatorsand jet mixers.

3.1.1 MechanicalMixinq of Liquid/LiquidMixtures

The mixing time required to reducewaste inhomogeneitiesin a tank using

mechanicalagitatorshas been experimentallydetermined in studies including

those by Van de Vusse (1962),Kramerset al. (1953),Norwood and Metzner

' (1960),Marr (1959),and Fox and Gex (1956). These studies focusedon the

time requiredto reduce concentrationdifferencesin a tank to some

• arbitrarilysmall value. This time is referredto as the mixing time (Tta).

The results of these experimentsare consistentand illustratethat the

(a) The mixing time is defined as the time requiredfor an inhomogeneity
introducedinto a tank to be destroyed.
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dimensionlessmixing time in a tank is strongly affected by the Reynolds
numberwhen flow is laminar, but that dimensionless mixing time is unaffected

by the Reynoldsnumberwhen flow is turbulent. The experiments also indicate
that the densimetrtc Froude number(ratio of meankinetic energy to

gravitational potential energy) is also important. Froude numberappears in

mixing correlations proposedby Van De Vusse (1962), Norwoodand Metzner

(1960), and Fox and Gex (1956). The dimensionless parameters governing mixing
t

time in mechanically agitated vessels are expected to affect mixing achieved

ustng jet mixers.

Van de Vusse (1955, 1962) measuredthe time required to mix two liquids
of differentdensitiesthatwere initiallystratifiedin the tank. A

correlationto predictmixingtimeswas developedas a functionof impeller

Reynoldsnumber(Rei)anddensimetricFroudenumber (Frd).(a)The datawere

obtainedusinga propellerin an unbaffledvessel. Van de Vussesuggeststhat

the effectof Reynoldsnumberis negligibleat impellerReynoldsnumbers

greaterthan I00,000.

Norwoodand Metzner(1960)studiedmixingof constantdensityfluidsin

baffledvesselsusingturbineagitatorswith sixbladesand obtaineda

correlationfor dimensionlessmixingtime. Theiranalysisshowsthatthe

effectof Reynoldsnumberon mixingtime is unimportantabovea bladeReynolds

numberof I000. Fox and Gex (1956)alsofoundresultssimilarto thoseby

Norwoodand Metzner(1960).

The effectof bothFroudenumberand Reynoldsnumbercan be justified

physically.The Froudenumberdescribesthe offsettingtendencyof jet

buoyancyand kineticenergyon the mixingachievedin a vesseland is

consistentlyfoundto affectthemixingtime in agitatedvessels. The

(a) Rei = (pfD2 N)//_f

wherep_ is the densityof the mixedliquid,D is the impellerblade
diameter,N is the impellerrotationrate,and /_fis the fluidviscosity.

. N2 DzFrd (pf )/(Apg H)

whereAp is the densitydifferencebetweenthe two fluids,g is the
accelerationcausedby gravity,and H is the fluidheight.
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quantitativeeffectof varyingFroudenumberappearsto dependon the density

differencebetweenthe fluids. When the jet is moredensethanthe

surroundingfluid,dimensionlessmixingtimedecreaseswith an increasing

denslmetrlcFroudenumber. When thejet is neutrallybuoyant,the mixingtime

increaseswith an increasingFroudenumber.

The Reynoldsnumberdescribesthe degreeof turbulenceachievedin the

tank. The effectof the Reynoldsnumberon the mixingtime in the tanksis

discussedqualitativelyby Dickeyand Fenic(1976).At low Reynoldsnumber,
t

viscosityhas a significantinfluenceon the flowfieldin the tank,and flow

is laminar. Mixingtime in agitatedvesselsis foundto vary inverselywith

the rateof agitatorrotationso the productof mixingtimeand rateof

rotationis a constantin the laminarregion. As the Reynoldsnumber

increases,the flowbecomesturbulent,andmixingtimesdiminishmore rapidly.

When flowis fullyturbulent,mixingtime is directlyproportionalto the rate

of rotationof the agitator,butthe proportionalityconstantis much smaller

thanthatin the laminarregion. Thisdecreasein proportionalityconstant

leadsto much smallermixingtimesin the turbulentregionand shouldlead to

more efficientmixing.

The effectof liquiddepthon mixingpatternsin propellerstirred

vesselswas studiedby MarrandJohnson(1963). For an impellercenteredin

the tank,the aspectratioof the tankwas foundto have a distincteffecton

the flowpatternin the tankand hencemixing. Shallowtankswere foundto

exhibita downwardflowbelowthe propellersand a reclrculatingupwardflow

nearthe tankwalls. Talltanksexhibitedtwo recirculatingzones,one in the

lowerand one in the upperportionof the tank• The aspectratioat whichthe

reclrculatingregionfirstoccursappearsto be affectedby the ratioof the

• propeller to tank diameter.

The qualitative change in fluid circulation pattern observed by Marr and

• Johnson(1963)is significantand suggeststhattankgeometrycan havean

importantinfluenceon flowpattern. Consequently,geometricsimilarity

appearsto be importantwhenperformingscaledmixingexperimentsin tanks.

Thus Froudenumber,Reynoldsnumber,and tankgeometryall appearto affect

mixingbehavior.
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3.1.2 Jet Hixlnq of Liquid/Liauid and Sinq]e-Phase Fluids

Studies of fluid mixtng using jet mixing pumpshave been performed by Fox

and Gex (1956) and Fosset and Prosser (1951). The time required to mix a

constant density fluid injected wtth a jet mixer was studied by Fox and Gex

(1956). The specific jet mixer design was not described. Tests were

performed using 0.30-m (I-ft) and 1.5-m (5-ft) diameter tanks; one case was

performed using a 4.3-m (14-ft) dtameter tank. Jet Reynolds numbers ranged

between 200 and 100,000. The dimensionless mixing time was influenced by jet

Reynolcls number; at a jet Reynolds number less than 2000, flow was laminar and

could be represented by one relationship; at jet Reynolds number greater than
2000 flow was turbulent and obeyed a different relationship. Froude number

affected mixing time tn both laminar and turbulent flow regimes.

The results obtained by Fox and Gex (1956) are qualitatively similar to

the results found for mixing using mechanical agitators. In both, the

Reynolds number is seen to have an important influence at low Reynolds number;

the effect is small but non-negligible at higher Reynolds numbers. Also

dimensionless mixing time for neutrally buoyant fluids was found to increase

with an increasing Froude number.

Jet mixing in large tanks was studied by Fosset and Prosser (1951).

Measurements were performed using 25 different tanks with diameters between

4.6 m (15 ft) and 44 m (144 ft). Tank heights ranged from 4.6 m (15 ft) to 11

m (35 ft). An aqueous solution of sodium carbonate (NatO3) with a density

greater than that of water was injected into the tank. The time required to

mix a high density fluid introduced into the tank using the jet mixer was

determined by measuring the electrical conductivity of the solution in the

tank. The major finding of this study showed that mixing behavior was

strongly influenced by gravitational factors, and that densimetric Froude

number was the most important parameter affecting climensionless mixing times.

In a second study designed to investigate the effect of clensimetric Froude

number on jet motion, data showthat at low densimetric Froude numbers, the

jet was unable to rise to the top of the tank and the fluid in the tank
stratified.
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A preliminaryexperimentto mix tank waste was performedin double-shell

tank 241-AP-I02. In this experiment,limestonewas added to a solutionof

sodium hydroxidein water and used as a slurry simulant. The bulk solids

loading that would have been achieved in this experimentif all solids had

been suspendedwas 1.2 Wt%. Analysis indicatedthat approximately10% of

these solids were suspendedin the tank during operation;thus on the average,

' the slurry containedapproximately0.1 Wt% solids. None of the reported

solids measurementsexceeded 0.2 Wt% solids. Based on these measurementsit

" is estimatedthat the jet density never exceeded the fluid densityby more

that 0.2 Wt% solidsduring this test. Becauseuniformmixing appearsto have

been achieved away from the settledlimestonebed, it is likely that the jet

was neutrallybuoyant;therefore,the jet would be expected to travel to the

top of the tank. This was visuallyobservedduring the test. Thus test

results from tank 241-AP-I02do not contradictthe findings of Fosset and

Prosserbecausethe solids concentrationin tank 214-AP-I02was not large

enough to affect the mean jet density.

3.1.3 Summar.yof FactorsAffectingMixinq

Dimensionlessmixing time in liquid/liquidand single-phasefluids is

found to be affectedby the Reynolds number,Froude number, and by the aspect

ratios describingthe tank geometry. The dimensionlessparametersfound to

affect mixing using either jet mixers or mechanicalagitatorswere similar to

one another. However,when jet mixers were used, transitionto turbulence

occurred at a lower Reynolds number. All dimensionlessparametersthat affect

mixing of single-phasefluids were expectedto affect solids suspensionsin

solid/liquidmixing.

. 3.2 SYSTEM DEFINITION

The HWVP feed preparationtank agitationsystem definitionis contained

• in two reports.(a)'(b)Informationused in conductingthe presentwork was

(a) WHC. 1991. FunctionalDesiqn criteria,Multi-TankW.asteStorage
Facility.PrQ.ieclLW-236.W236FDC,WestinghouseHanford Company,Richland,
Washington,October.
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22.9 m (75 ft) diameter

iiiiiiiiiiiiilli
9.1 m (30 ft) fill level

12.8 m (42 ft) diameter_I

FIGURE 3.1 Schematicof the Six-Pump AgitationSystem Proposed
for the HWVP Feed PreparationTanks

obtained from thz 'irst of these, from WHC HWVP projectpersonnel,and from

WHC RetrievalTech,,|ogy projectpersonnel.

3.2.1 Geometry .

[he geometryof the HWVP feed prep tanks and agitationsystem is

presentedschematicallyin Figure 3.1. Six 300-hp mixing pumps are to be

symmetricallylocatedon a 6.4 m (21 ft) radius in a 22.g-m (75-ft)diameter

(b) KEH. Ig91. PreliminaryConceptualStudy, Multi-TankWaste Storaqe
Facility_ProjectW-236. WHC-SD-W236-PCS-O01,Rev. O, Kaiser Engineers
HanfordCompany, Richland,Washington,August.
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22.9 m (75 ft) tank diameter

Six dual jet mixer pumps on 6.4 m (21 ft) radius

FIGURE3.2 Planar View Schematicof Pump Locations

• tank. Each tank is to have a 3% grade sloped floor with the low point at the

center. A planar view schematicof the pump locationsand geometric

• parameterssuch as linear distanceto adjacentpumps is shown in Figure 3.2.

When on a 6.4 m (21 ft) radius, the distance to an adjacent pump is 6.4 m (21

ft). The nearest distance from the pump centerlineto the tank wall is 5.0 m

(16.5 ft). The maximum distance to a wall that a jet would have to traverse
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(assumingall six pumps are operating)is 6.7 m (22 ft). The maximum distance

to any wall is 17.9 m (58.5 ft).

3.2.2 Pump Descriptionand OperatinqConditions

A schematicof a mixing pump is presentedin Figure 3.3. Each pump has a

bottom intake and two 0.15-m (O.5-ft)diameterjet nozzlesdirected in

oppositedirections. The six pumps are to be hung on shafts suspendedfrom

the tank dome and each of the pumps is to oscillatethrough a prescribed

angle. Pump parametersof particularconcernto the presentwork are listed

in Table 3.1.

TABLE 3.1 Pump Design Parameters

Desiqn Parameters

Pump rotationrate 0.1 rpm

Pump rotationangle 180. degrees

Pump nozzle diameter,DO 0.15 m (0.5 ft)

Pump nozzle dischargevelocity,Uo 17.9 m/s (58.8 ft/s)

Nozzle dischargeparameter,UoDo 2.73 m2/s (29.4 ft2/s)

lt was neither an objectiveof the presentwork nor part of the scope of

work to consider pump turndown or to analyzeheatingeffects of long-term

operationof the pumps.

3.3 DOUBLE-SHELLTANK WASTE PHYSICAL PROPERTIES

The HWVP feed preparationtanks and agitationsystem are expected to be

subjectedto a varietyof high-levelliquid radioactivewastes as wastes in

double-shelltanks (DSTs)on the Hanford site are retrieved.

3.8



• .//I lI
Intake

FIGURE 3.3 Schematicof a Mixing Pump Expectedto be Similar to Those
Plannedfor HWVP Feed PreparationTank Agitation
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TABLE3.2 Upper Limits of Physical Properties Used in Analysis

PropertY Value Observati on
i

Particle diameter, dp 70 /_m high end of range; expect 95%< 50
/_m

Particle density, Ps 3 g/cm3 affects settling rates; coupled
buoyancy effects

Fluid density, pf 1.05 g/cm3 mostly water-1 ike liquid; may range
up to 1.08 or 1.1 g/cm_

Viscosity, /_f 1.00 cP determined from 1.05 g/cm3 density
sodium nitrate solution in water

Solids concentration 13 Wt% maximum fully mixed; solids basis;
25 Wt% would probably be an upper
limit

Some characterizationstudiesof the liquid and solid materials stored

in DSTs have been completed (Peterson,Scheele, and Tingey Ig8g).(a)'(b)

Based on these analyses and projectionsof physical and rheologicalproperties

anticipatedduring pretreatment,primaryparametersestablishedas upper

limits for conductingthe presentwork were defined• See Table 3.2.

The 70-/_mparticlediameter is to be consideredas representativeof the

upper limit. From characterizationdata, it is expected that more than 95% of

the solidswill be less than 50 /_m. The particledensity of 3 g/cm3 is a

representativenumber. Most of the particulatematerial is expected to be

somewhatlighterthan this, but individualspeciesmay exhibit a range of

densities. There may be a small fractionof materialswith higher particle

densities such as heavy metals (Pu)or noble metals (Rh, Ro, Pd). The fluid

(a) R. D. Scheele and D. McCarthy• May 1986. "Characterizationof Actual
ZirflexDecladdingSludge" I05-AW,NCRW. A letter report preparedfor
RockwellHanford Operations. PacificNorthwest Laboratory,Richland,
Washington.

(b) J. M. Tingey, R. D. Scheele,M. E. Peterson,and M. R. Elmore.
September1990. "Physicaland RheologicalCharacterizationof Waste
from Double Shell Tank I03AW'. Preparedfor WestinghouseHanford
Company by PacificNorthwestLaboratory,Richland,Washington.
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in the tank will be a water-basedfluid such as a sodium nitrate solution in

water. The fluid base viscositywas modeled as that of sodium nitrate

solutionin water,which is similarto that of water (CRC 1975). The total

solids concentrationis taken to be 13 Wt% on a solids basis as a

specificationfor the presentwork. The upper limit on solidswould probably

be 25 Wt%.
Q

3.4 MIXING PUMP..CHARACTERISTICS
#

Mixing pump operationcan be separatedinto two functions: mobilizing

the settled solids and/or sludge layer at the tank bottom and maintainingthe

solids in a suspensionof uniform concentrationuntil the slurry is removed

from the tank. A discussionof each operationfollows.

3.4.1 MobilizinqSettled Solids

Two mechanismsfor sludgemobilizationhave been describedby

Powell.(a) Jets may mobilize solids by erosioncaused by shearing action of

a high velocity fluid moving parallelto the surfaceof a sludge bank or by

bulk mobilizationof sludge caused by impactof a high velocityjet normal to

the sludge bank. The mechanismthat will dominateduring a particular

physical situationwill depend upon a number of factors includingthe velocity

of the fluid near the sludge bank, the shape of the sludge bank, the size of

particles in the sludge,and inter-particleforces between solids in the

sludge. Erosionmay be importantduring some stages of mobilizationwhile

bulk mobilizationmay be importantduring others.

Powell proposedthat the shear strengthof the sludge describedthe

abilityof the sludgeto resistmobilization. Correlationsproposedby Powell

to describe mobilizationby erosionand bulk mobilizationagree with a more

generalrelationshipbetweenthe maximumdiametercircle cleaned [effective

(a) M. R. Powell,C. L. Fow, G. A. Whyatt, P. A. Scott, and C. M. Ruecker.
November Iggo. ProposedTest Strategyfor the Evaluationof Double-
Shell Tank Sludge Mobilization. A letter report for Westinghouse
HanfordCompanyby PacificNorthwestLaboratory,Richland,Washington.
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cleantng radtus (ECR)] and jet nozzle dtameter (Do) as a functton of the

Reynolds number (Re) and a yield parameter (Itr) (a)

ECR/Do - f(Re, N.r) (3.1)

eT . (pf Uo2)/T,, (3.z)

Re - (pf U0 Do)//_f (3.3)
e

where pf is the fluid density, Uo is the jet nozzle exit velocity, T, is the

shear strength of the s]udge, and pf is the f]uid viscosity.

Experiments to determine the effective cleaning radius using scaled

mixing pumpswere analyzed by Powell. Yield parameter was matched in these

experiments. Results fell into groups based on simulant type. For clay/water

and soda ash simulants, effective cleaning radius was found to be a function

of shear strength. However, this relationship did not predict effective

cleaning radius for polymer simulant such as kaolin/Ludox. These

investigations are continuing. Powell has recently suggested that tensile

strength may be a more useful parameter to characterize sludge resistance.

3.4.2 Maintaininq Solids in Suspension

Two basic mechanisms are important during solids suspension: 1) large-

scale circulation flow patterns and 2) small-scale diffusive motion. Mixing

is expected to occur as a result of large-scale circulation patterns induced

by mixing pumpjets. Particles may be transported to the upper regions of a

tank by a coherent jet provided that 1) the jet is particle ]aden and 2) the

jet is capable of traveling to the upper portions of the tank. Eventually as

the distance from the nozzle increases, the jet loses momentumand particles

are expected to fall by gravity to lower regions of the tank.

Large-scalecirculationpatternscould be seriouslyaffected by slight

density differencesin the tank. The averagedensity of the jet is affected

(a) L. M. Liljegren. May 1992. SimilarityAnalysisApplied to the D.esiqn
of Scaled T@sts of HvdratllicMitiaationMethodsfor 214-SY-I01,Draft.
Pacific NorthwestLaboratory,Richland,Washington.
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by its particle loading. The jet intake is located at the bottom of the tank;

therefore, the jet density may be greater than the density of the surrounding

fluid; this excess density relative to the surrounding fluid will increase as

the jet rises to the upper regions of the tank where particle loading is

lower. Excess density, combined with low momentum,can have a dominant

influence on the jet motion. Whena dense jet emits upward, gravity tends to

• retard the jet. The jet wtll only reach the upper regions of the tank if its

momentumis sufficiently large to overcome the force of gravity. The height

• to which a jet will rise (Hj) is a function of the densimetric Froude number
based on jet diameter (Fr), the relative density difference between the jet

and the surrounding fluid (Npj), the jet angle with respect to the floor (e),
and the jet Reynolds number (Re).

Hj/D 0 m f(Fr, Npj, e, Re) (3.4)

Fr - Uo/(Npj g Do)I/2 (3.5)

Npj - Ap/pj (3.6)

where g is gravitational acceleration, Ap is the density difference between

the jet and the surrounding fluid, and pj is the jet density as lt exits the
nozzle. When the relative density difference of the jet is large, the Froude

number is low and the jet will be strongly influenced by gravity. For jet

mixing, both the density of the jet at the nozzle and the density difference

between the jet and the surrounding fluid will depend upon the degree of

mixing achieved.

Experiments are planned as a part of double-shell tank retrieval

investigations at PNL to investigate the effects of Reynolds number, Froude

number, and gravitational settling parameter (Bamberger, Liljegren, and Lowery

" 1993; Liljegren and Bamberger 1992). Gravitational settling parameter is an

equivalent method to account for the relative density difference shown in

Equation (3.6). These experiments will be used to validate computational code

performance.
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4.0 COMPUTERMODELINGOFFEEDTANKAGITATIONSY_;TEM

Computationswere conductedusing the TEMPEST(a)(b) computerprogram.
A modeling approachusing a stngle, centrally-located, rotattonally-

oscillating mixing pumpwith two dual-opposedjets was used consistent with

modeltng analysts conductedfor the DSTRetrieval Project. Calculations were

" conductedfor the prescribed tank design and tank contents, as described In

Section 3. Calculations were conductedfor particulate of two diameters (10
- /=n and 70 pm) in a supernatant. Casesof three fluid depths [g.1, 5.3, and

2.2 m (30, 17.3, and 7.6 ft)] were computed. Results analyzed were 1) the

hydrodynamicsof the mixing Jets in the tank including the developmentof the

free jet into a floor Jet, 2) the ability of the jets to "climb" the tank wall

and induce circulation throughout the liquid volume, and3) the level of

turbulent shear stress generated by the mixing jets on the tank floor. These

are the dominantmechanismsaffecting the ability of the mixing pumpand Jet

design to maintain material uniformly mixed in the liquid volumeand to

prevent excessive amountsof material from building up on the tank floor.

4.1 OBJECTIVESOF COMPUTERMODELING

The objectives of the computermodeling are to analyze the hydrodynamics

of the mixing of turbulent jets in the HWVPfeed preparation tanks and to

determine the propensity to maintain particulate material uniformly

distributed throughout the tank volume.

4.2 BACKGROUND

Computer.modelingof jet mixingin wastestoragetanksis being

conductedwithinseveralprogramsat PNLto supportwasteremediationand

retrievalon the Hanfordsite. Theseincludethe Double-ShellTank Retrieval

Project,the WasteTank SafetyProgram(TankI01-SYMitigation),andQ

PretreatmentTechnology.Eachof theseprogramshas specialanalysisneeds;

(a) Transient,Energy,_omentum,andPressureEquationSolutionin Three-
dimensions.

(b) The codedocumentationis describedin Trentand Eyler(1992).
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computer modeltng of the flutd dynamics of mixing and solid/liquid transport

is inherent to each. The modeling in progress at Pacific Northwest Laboratory

uses the TEMPESTcomputer program (Trent and Eyler lgg2).

TEMPESTts a three-dimensional, time-dependent, computational flutd

dynamics analysts computer program that solves dtscrettzed equations for the

conservation of mass, momentum,thermal energy, turbulence, and species

transport. The code is well suited to model the turbulent, jet-induced mixing

in waste storage tanks.

4.3 MODELINGAPPROACH

The modeltng approach used for this analysis is based on a sequence of

calculations d_veloped durtng the DST Retrieval Project to prepare pre-test

predictions of scaled experiments to model concentration distribution during

forced mixing by mixer pump.

4.3.1 Analvsts Steps

The analysis steps used in the computations are as follows. Once a

given set of parameters are defined for a simulation, a fully coupled

hydrodynamic calculation is conducted over several pumposcillation cycles.
k

This is done without including a particulate (species) phase. The particulate

phase is then included in a restart calculation over one cycle. Confirmation

of solution of the transport of the species phase is done by assuming that the

species phase is of the same density as the supernatant. Later, the species

phase representing the more dense particulate material is implemented and a

calculation conducted over one cycle of time. Hydrodynamic results are then

compared to ascertain the effect of coupling between the continuous phase

(liquid) and the distributed phase (solids) through buoyancy and

concentration-dependent viscosity.

During one of these cycles, flow and turbulence variable fields are

routed to a file at regular intervals. These fields are then processed into a

recycle file. To compute longer-timesimulationof the speciestransport,the

recycle file is used repetitivelyin lieu of computingthe complete,fully-

coupled hydrodynamics,which providesa computationalgain of nearly 140

times. This computationalgain is significantto the analysisbecause at jet
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velocities o, the order of 18m/s (60 ft/s), approximately 100 CPU hours of

ttme are needed on an IBM 530 super_orkstatlon (thts machtne ts approximately

0.32 of Cray XMPspeed) to compute each pumposcillation cycle In the fully-

coupled hydrodynamic mode. The use of the recycle file approach ts valtd as

long as there is ltttle or no coupling between the phases through buoyancy or

concentration-dependent viscosity.

Results from the computations are analyzed by post-processing techniques

using data stored on computer files during the computations. 0ata files

generated during thts work amountedto nearly 1 gtgabyte of file storage.

4.3.2 AssumDttons

Assumptions (both inherent and explicit) are required for any

computational analysis approach that solves conservation transport equations

in fluid dynamics. There are inherent assumptions built into the

discretizatton of the equations (such as grid resolution and numerical

diffusion), explicit assumptions built into models of phystcal processes (such

as phase interactions between dispersed sol|ds, lJqutds, and solid walls), and

modeling assumptions concerning boundary conditions, etc. It is not the

objective of this work to exhaustively address the significance of each of

these. But it is important to point out certain assumptions that have primary

significance to the present problem.

The computational domain limitation of the coordinate system used by

TEMPESTcoupled to the modeling approach for a rotationally-osctllatory mixing

pumpwith dual-opposed turbulent jets has on]y been proven for use tna

centrally-located pumpsituation in cylindrical coordinates. Thus, it is

assumedthat significantly important information can be obtained from such a

model as to be pertinent to analysis of the six-pump design. Furthermore, it
=

ts necessary to model the floor as flat tn situations where a pumpmodel

rotates. Thus, it is assumedthat the flat-floor model of the tanks is

" applicable. This assumption is investigated separately by analyzing the

effect of a sloped floor using a nonrotating pumpmodel.

In the TEMPESTmodeltng approach, coupling between the soltd and liquid

phases occurs through buoyancy and concentration-dependent viscosity as the

heavier soltd phase settles with time. It is explicitly assumedtn the
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TEMPESTmodel that a soltd phase consists of small, tnerttaless particles.

This assumption is valtd as long as particles in the tank are less than about

200 _m in size. It is furthermore assumedthat the soltds phase can be

represented as a continuum of well-separated, discrete particles and that htgh
concentrations of settled matertal remains shearable according to a Newtontan

relation. (a)

At the floor of the tank, parttcle deposition and erosion are modeled

through a local equilibrium interchange approach. This model approach assumes

that 1) the layer of matertal that builds up during operation is thin relative

to the computational grid resolution along the floor of the tank, 2) there ts

no bed load transfer, and 3) there could be hysteresis in deposition and

erosion. In this analysis tt is conservatively assumedthat there is no

hysteresis effect in the erosion and deposition.

4.3.3 Settltna Veloctty

Particle settling velocities (Va) used in the analyses were determined

from the Stokes settling relation

V,- (2/9) (dJ2)z g (p,-pf) //_f (4.1)

where dp is the parttcle diameter, g is gravitational acceleration, p, is
soltds density, pf is flutd density, and /_f is flutd viscosity. Equation

(4.1) is valtd for parttcle Reynolds number (Rep)

Rep- (pf dp V,) //_f < 1 (4.2)

Table 4.1 l tsts the settltng velocity and parttcle Reynolds number for the

parameters of this problem.

(a) Very recent TEMPESTinvestigations have implemented a non-Newtonian
model of a Btngham plasttc fluid with yield to better model certain
physical aspects of sludges. This model was not available to conduct
the present work.
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Particle Settling Velocity Calculation

Parameter ...... Value

Fluid density, pf )1.05 g/cre3

Fluid viscosity, pf 1•00 cP

Unhindered
Particle Particle Particle Settling Reynolds Settling Time

• Size, Specific Velo_ll;v Number, to 9.1 m (30 ft),
/_m Gravity m/s ft/mtn Rep rain

" 10 1.60 2.79x10 "4 0.055 0.0001 545

70 3•00 4.93x10 .3 0.97 O.34 31

Note that the settling velocity for the 70 pm particles with a specific

gravity of 3.0 is quite large. At this settling rate, approximately 1/3 of

the material would reach the floor in the time a pumpmakes a complete

oscillation cycle at a rotation rate of 0.1 rpm.

4.3.4 $1nqle-PumD• Dual-Jet• Flat-Floor Model

A schematic of the computational domain used for analysis of mixing in

the tank is presented in Figure 4.1. A computer model consisting of a 180

degree section of the tank was used with a single, centrally-located mixing

pump. The mixing pumphas two jets. Thus the half-tank-model approach is

valid using periodic boundary conditions along the center plane. A total of

7942 computational cells were included in the computations. The numbers (1

through 16) in Figure 4.1 represent locations where time-history information

was monitored during computations.

4.3.5 Resusoenston Deoosttion Hodel

Particulate resuspension and deposition on the floor of the tank were

modeled using a critical shear stress floor model. This model links with the

conservation-of-particle-species suspension model coded into TEHPESTat the

• floor boundary condition by modeling the net sediment flux at the floor as a

function of local flow conditions and local solid phase mass fraction• It is

well understood that the deposition/resuspension process exhibits hysteresis

when considering the net flux of the solid phase at the bed boundary.
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FIGURE4.1 Schematic of the Computational Domainof the Flat-Floor Hodel
with a Single, Centrally Located Nixing Pumpwith TwoJets.
Numberscorrespond to time dependentmonitor curve locations.

That is, the threshold stress at which net resuspensionbegins is generally

higher than the threshold stress at which net deposition ends. This situation

allows for somefinite stress range at which the net sediment flux is zero and

the bed is tn equilibrium wtth the suspension. This commonlyobserved

physical behavior is expressedmost simply by the semiempirical relations:

For T < Td (material being deposited) . '

m = PmVs O (1 - T/Td) (4.3)
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For f > Tr (material being resuspended)

m = R(1 - r/T_) (4.4)

For Td < T < _r (no material interchange between the bed and fluid)

• m - 0 (4.5)

• In the aboveexpressions, m is the species massflux, Pmis the mixture

density, Vs i_ the particle settling velocity, o is the species mass fraction,
r is the fluid shear stress at the fluid/bed boundary, Td is the critical

shear stress for deposition, r r is the critical shear stress for resuspension,

and R is the resuspendability of the sediment species, ld' _r' and R are
empirical constants. Bedshear stress (f) is computedduring the

computational analysis. The species massflux (m) is thus a boundary source

tem to the species particle suspensiontransport equation at the interface

between the bed layer and the transporting fluid.

The Equations (4.3) to (4.5) are a commonlyused mode]for calculating

the sedimentation of fine particles (Onishi, Dummullerand Trent ]989, Onishi

andTrent 1985, 1982). Equation (4.4) for resuspension is similar to the

expression in use in the DSTMobilization Task.(a) It is generally accepted

that for meaningful particle resuspension to occur, the boundarylayer at the

sediment bed must be turbulent becauseturbulent bursting is the primary

mechanismfor small particle resuspension (Fromentin t989). Turbulent

bursting is a large-scale fluid motion characterized by the periodic eruption
of slow moving fluid from the viscous sublayer into the main body of the

boundarylayer.

Of primary concern in the present application of the erosion-deposition

mode] is determination of the critical shears for resuspension (Tr) and

deposition (Td) for the particulate material expected in the HWVPfeed

(a) M. R. Powell. February1991. CurrentStatusof DST SludqeMobilization
Research.An InterimDraftReportprepa_'edforWestinghouseHanford
Companyby PacificNorthwestLaboratory,Richland,Washington.
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preparationtanks. These numbersare not known with a great deal of

certainty. The basis for the numbersused in the presentwork is discussed.

4.3.6 ResuspensionDepositionShear Stress Data

A brief review of sedimentat_;)nliteraturewas conductedto determine

values of the criticalshear stressesfor deposition (Td),and resuspension

(rr)and the resuspendabilityconstant (R). A very large range of values may

be found in the literaturefor small particles(small here referringto

somethingless than 100 /_m). Most data are for situationsof sand and silt

transportin moving surfacewater (rivers,canals, bays). As an example,

Teeter (i988)reportsmeasured critical shear stress of resuspension(Tr)of

0.599 dyne/cre2 (0.00125Ibr/ft2) and an resuspendabilityconstant (R) of

4.00xi0"7g/cm2-s(8.1gxi0"7Ibm/ft2-s)for very fine silt (on the order of I

to 2 /_min diameter). O'Brienet al. (1988)measured a much larger value of

Tr [358 dyne/cm2 (0.747Ibf/ft2)]for a lightlypacked layer of a larger

particulatematerial with similarsize as consideredin the presentwork and

quite larger values of resuspendabilitythan Teeter's. Powell(a)reports

resuspendabilityconstants (R) rangingfrom 0.015 to 14.7 g/cm2-s(0.031to

30.2 Ibm/ft2-s)and resuspensioncritical shear stressesof 0.072 to 2.4

dyne/cre2 (I.5xi0-4to 5.0xi0-3Ibf/ft2) for various simulatedsludgesthat were

obtainedby curve fittingdata for effectivecleaningradius during

mobilizationin a scaled experiment. Powell is currentlyrefiningthe

understandingof what effects these numbershave in simulantmodeling.

Based on this review the parameterslisted in Table 4.2 were chosen for

the two particlesize materialsconsidered.

TABLE 4.2 Resuspensionand ResuspendabilityParameters

ParticleSize (dp) 10 /_m 70 /_m
CriticalResuspension 11 to 358 dyne/cm2 11 to 358 dyne/cm2

Stress (rr) (0.023to 0.747 Ibf/ft2) (0.023to 0.747 Ibf/ft2) •

Resuspendability(R) 1.11 g/cm2-s 1.11 g/cm2-s
(2.28 Ibm/ft_-sec) (2.28 Ibm/ft2-sec)

(a) M. R. Powell. 1991. CurrentStatus of DST Sludqe Mobilization
Research. An InterimDraft Report to Westinghouse. PacificNorthwest
Laboratory,Richland,Washington. February.

4.8



The conservative assumption that the critical deposition shear stress

equals the critical resuspension shear stress (Td - Tr ) was made for all

calculations in the present work. Furthermore, because of the uncertainty of

the character of the material expected in the tanks, the question of

applicability of sedimentation data in surface water movement, and variability
of such data, lt was decided that parameterization was the best way to gain an

• understanding of the mixing potential of the six-mixer pumpdesign for the

HWVPfeed preparation tanks•

4.3.7 I_ffect of Sloped Floor

A slightly modified analysis approach was used to investigate the effect

of the sloped floor. To model the effect of the sloped floor, lt was

necessary to offset the pumpmodel in the tank to a location where the floor

sloped. At such an offset location, lt is not possible with present modeling

capabilities to include the pumprotation because of grid discretization

limitations. An effort is currentlyunderwayto implementan analytical

bipolarcoordinatesystem (Korn and Korn 1968) in TEMPEST. However,assuming

that for a single offset pump the two conditionsof primary interestare I)

the mixing jet characteristicsassociatedwith a jet pointed directly at the

nearestwall and 2) a jet pointeddirectlyat the farthestwall, it is

sufficientto treat a nonrotatingpump with jet axes alignedwith a diametral

plane. Thus, calculationsof the floor-slopeeffect were conducted in a

three-dimensionalCartesiangeometrymodel using a centerplanesymmetry. The

sloped floor was includedin the calculationsthroughthe use of a generalized

coordinategrid generationtool and the correspondinggeneralizedcoordinate

solutioncapabilitiesof the TEMPESTcode.

4.3.8 Extensionof Sinqle Pump Modelinq to Six-PumpDesiqn Conditions

" Results from the single-pumpanalysesare extrapolatedto the six-pump

design case by I) consideringthe mixing characteristicsof both the single,

• centrally-located,rotationally-oscillatorypump and 2) the single,offset,

nonrotatingpump cases.
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4.4 RESULTSOF SINGLE-pUMP.FLAT-TANKFLOOR MODEL WITH PUMP ROTATION

Results computed for the centrally-located,rotationally-oscillatory,

dual-jet,mixing pump computermodel are presentedand discussed in this

section. The computationalcases are summarized. The flow-fieldcharacterof

the mixing jet in the tank is presentedalong with calculatedresults for the

transportof the particlefield representingthe solids phase. A discussion

of the applicationof these resultsto the six-pumpdesign basis configuration

is presentedsubsequently.

4.4.1 ComputationalCases

Cases computed in the presentwork for hydrodynamicsanalyses are listed

in Table 4.3. In the table, hydrodynamics-onlycases were used to establish

flow conditionsfor the long-timerecyclemethodology. Uncoupledcases were

used during preliminarytestingto assure that speciessettling and

distributionwere being computedcorrectlyprior to fully coupling. Fully

coupledcases include buoyancyeffects.

Cases computedwith the long-timerecycle computationalmethodologyare

listed in Table 4.4. In Table 4.4, the X indicatesa computationthat was

completed. In the resuspension-depositionmodel, there are large

discrepanciesin criticalshear stress reported throughoutthe sediment

literature. For the presentwork, the effects of this parameterwere

parameterized. Choosingto set critical shear stress for deposition equal to

critical shear stress for resuspension(Td = Tr) is a conservativeassumption

made in this work.

4.4.2 Hydrod.ynamicResults

The characteristicflow field in the tank inducedby the mixing jet

governsthe abilityof the design to maintain the material uniformlymixed

throughoutthe tank volume. Upon reaching the tank wall, the ability of the

jet to "climb"the outer tank wall is of most importanceto transport

particulatesto the top surfaceof the liquid. The characteristicsof the

mixing as it transformsfrom a turbulentfree jet to a floor jet govern the

abilityto resuspendparticulatematerialthat deposits on the tank floor.

Calculationswere conductedto investigatethe pertinentcharacteristicsof

the jet hydrodynamics.
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HydrodynamicComputationCases

Fluid Elapsed Number
Depth Time, of Computational
m _ min i Cycles Conditions

9.1 30.0 0 to 40 4 Hydrodynamics only

20 to 40 2 Uncoupled

• 30 to 40 1 Fully coupled

5.3 17.3 0 to 20 2 Hydrodynamics only

, 10 to 20 1 Fully coupled

2.3 7.6 0 to 20 2 Hydrodynamics only

10 to 20 1 Fully coupled

TABLI_4.4 Solids Transport (Long-Time Recycle) Computational Cases

Fluid Particle Critical Shear Stress
Depth S i ze ltd " l"r

_L ft _i Hiqh Medium Low
9.1 30.0 70 X X X

I0 X X X

5.3 17.3 70 X

I0

2.3 7.6 70 X

10

Figure 4.2 presents a comparison of the predicted velocity profiles of

the floor jet in a vertical plane through the center of the jet axis for three

fluid depths: 9.1, 5.3, and 2.3 m (30, 17.3, and 7.6 ft). With the exception
of the location of the fluid-surface boundary, the simulations were conducted

" identically. Of primary significance in these results is the observation that

the floor jet characteristic changes markedly for the lowest fluid depth case.

• It appears that the presence of the fluid surface has a significant effect in

limiting the development of the floor jet by providing a hindrance to
entrainment. Furthermore, the lowest fluid depth case has a much greater

propensity for the jet flow impinging on the outer tank wall to move

tangentially around the tank, rather than "climb" the outer wall.
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This effect is more clear when the flow fields adjacent to the tank

floor are compared for the three fluid depth cases, as presented in Figures

4.3 through 4.5. It is quite apparent that the lowest fluid depth case has

considerably more azimuthal flow character than the two deeper fluid cases.

This is understandable when one considers that fluid moves in the path of

least resistance, and lt is easier for the fluid to move laterally than

" through the free surface, which is modeled as impenetrable. This observation

about the computed results raises an interesting question as to whether a real

• (deformable)fluid surfacewould greatlyalter the characterof the flow

patternpredictedhere. The deformabilityof the fluid surface also has

significanceto other considerationssuch as aerosolgenerationduring mixing

operationswith low liquid levels and high jet velocities. The dynamic

pressuredistributionscomputed adjacentto the free surfaceboundary

conditionmay be of use in estimatingthe effectof surface roilingand hence,

aerosolgeneration. However,these considerationswere not part of the

present scope of work.

Furtherevidence of the difference in the characterof the floor jet for

the three fluid depth cases is presentedin Figure4.6. In Figure 4.6

comparisonis made of the shear stressdistributionat the floor of the tank

along the axis of the jet for the three fluid depths; 9.1, 5.3 and 2.3 m (30,

17.3, and 7.6 ft). Also shown in the figure is the empiricalcorrelationof

Rajaratnam (1976) as reported by Powell.(') Other calculationsof floor

jets with TEMPEST(b}'(c}have exhibitedbetter agreementthan that shown in

Figure 4.6 with empiricalcorrelationsand data for jets of differingvelocity

(a) M. R. Powell. February1991. Cqrrent Statusof DST Sludqe Mobilixation
Research. An InterimDraft Report Westinghouse. Pacific Northwest
Laboratory,Richland,Washington.

" (b) L. L. Eyler and J. R. Phillips.1991. "NumericalModeling Tank
Uniformity,DepositionErosionFloor Model." Ist Qtr FY 92 Progress
Report. Double-ShellTank RetrievalProject,UniformityTask. Informal
report to WestinghouseHanford Companyby PacificNorthwestLaboratory.

(c) J. R. Phillips. June 1992. Personal correspondencefrom J. R. Phillips
to L. L. Eyler of recent of numericalmodeling of mobilizationwithin
Double-ShellTank RetrievalProject,MobilizationTask.
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FIGURE4.3 Flow Fteld (Left Half) andWall Shear Stress Contours (Right
Half) at the Floor of the Tank for Fluid Depth of 9.1 m (30 ft)

and at different scale. This is an indication that improvementscould perhaps

be made to the presentpredictions.The most likelycandidatefor improvement

wouldbe the use of increasedgridresolution.(a) However,it is sufficient

to noteherethat all of the shearstresspredictionsfor the threefluid e

depthcasesare conservative.That is,the predictedshearstressis somewhat

(a) D. S. Trent and To E. t4ichener. Report of Results of Numerical •4.deling
of Forced aet Nixing in Support of WasteTank Safety - Tank 101SY
Hitigation. (In preparation.)
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FTGURE4.4 Flow Fteld (Left Half) and Nal1 Shear Stress Contours (Right
Half) at the Floor of the Tank for Fluid Depth of 5.3 m (]7.3 ft)

less than expected. Consequently, the amount of deposited material that would

be predicted to be eroded and resuspended would be less than would occur in
o

the tanks.

• Tn Figure 4.6, there are several peaks and valleys worth noting. The

first peak at the tank centerline (R - 0), is caused by the high velocity just

under the pump intake. The first valley near R = 4 ft (1.2 m) is the region

where there is a stagnation zone. To the left, fluid is moving into the pump

intake and to the right, flutd from the jet is moving towards the tank wall.
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FIGURE4.5 Flow Fteld (Left Half) andWall Shear Stress Contours (Rtght
Half) at the Floor of the Tank for Flutd Depth of 2.3 m (7.6 ft)

The next peak near R - 10 ft (3.0 m) ts the regton where the free Jet has

largely transformed into a floor Jet. [t ts Important to note that the shear
stress distribution for the lowest flutd depth of 2.3 m (7.6 ft) is nearly a

factor of two less than for the other depths. Thts is Interpreted to be a

consequenceof the fluid surface effect not allowing the full developmentof
the floor Jet. Also note that at 11.0 m (36 ft) for the 2.3 m (7.6 ft) fluid

depth case, another peak ts observed near the outer tank wall. This peak is
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caused by the high turbulenceshear in the fluid,which is, in turn caused by

the characterof the jet impingingon the outer wall more as an impingingfree

jet than as a floor Jet because it does not fully attach to the floor.

4.4.3 Solids TransDortResults

Several calculationcases were completedfor transportof solids in the

• HWVP feed preparationtank. These were all conductedassumingone, centrally-

located, rotationally-oscillatory,dual-opposedmixing pump in a cylindrical

tank with a flat bottom. The pump has two jets, equally and oppositely

directed. Analysis of resultsare divided into two primary categories: I)

the material balanceof solidsthat are on the floor as a result of deposition

and incompleteresuspensionand 2) the distributionof solids throughoutthe
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fluld volume. The former is analyzed through the time-dependence of total

materlal present in the floor layer. The latter is analyzed through the mass

fractlon distrlbution as a function of vertical posltJon at fixed polnts in
ttme.

Ftgures 4.7 to 4.9 present results of floor denstty tn untts of 1btu/ft 2

of matertal predicted to be deposited tnto a floor layer. These results are

for the same matertal (70 _m particles) in a 9.1-m (30-ft) deep fluid for

three different crtttcal shear stress assumptions. The first (Figure 4.7) is

/:or the case where the crtttcal shear stress [ld " rr " 11 dyne/cre2 (0.023

lb1:/ftz)] ts low relattve to the calculated floor shear stresses along the

axts of the jet (see Figure 4.6). In thts case, all material deposited on the

floor between rotational sweeps o1: the jet ts resuspended from the floor layer

by the jet. The second case (Figure 4.8) is one for which the critical shear

stress [Td - r r - 96 dyne/crez (0.200 lbt:/ftz)] ts in the range o1: calculated
floor shear stresses along the axis of the jet. The critical shear stress

value ts between the maximumand the minimum of the jet axis distribution

which means that material will be resuspended only over the portion of the jet

length where the turbulent shear stress o1: the jet is greater than the

critical value for resuspension. This resuspended material is then

redeposited further along the axis o1: the jet where the local turbulent shear

stress o1: the jet is less than the critical value for deposition. Thus, in

Figure 4.8, there is a region where there is little or no material on the

floor and a region near the outer tank wall where the material accumulates.

The third case (Figure 4.9) is for a critical shear stress that is high

relative to any value along the axis o1: the floor jet. In this case, no

matertal ts resuspended by erosion and a relatively flat layer o1: material

accumulates on the floor.

The results in Figures 4.7 through 4.9 are quite informative because

they visually show the character o1: the floor layer depending on whether the

critical shear stresses for resuspension and deposition are less than, about

equal to, or greater than the turbulent shear stress distribution along the

axis ot: the floor jet. It must be pointed out, however, that the floor.

density values must be used with caution, especially in Figures 4.8 and 4.9.
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FIGURE 4.7 SurfaceRepresentationof Solids Accumulationon the Floor
(Ibm/ft2) for the Case of 70 AunParticles,9.1 m (30 ft) Fluid
Depth, and a l_owCriticalShear Stress [Td --T r - 11 dyne/cm2
(0.023 Ibf/ft')]Assumption

In each of these cases, if the floor density, dividedby the density of the

solids and a maximumpacking factor,is used to obtain an estimate of the

layer thickness,the layer of materialwould be quite thick• This indicates

that the thin layer assumptionof the floor resuspensiondepositionmodel

coded into TEMPEST has been violated. The results in Figure 4.7, however,

• should be representative,becauseat the largestfloor densityvalue of 35

Ibm/ft2, the layer would be roughly2.5-cm II-in.)thick• Furthermore,if

. credit is taken for the fact that only about 5% of the solids material in the

tank will be greater than 50 _m, the layer would be only be approximately0.13

cm (0.05 in.) thick. Layer thicknessesof less than 2.5 cm (I in.) would be

within the validity of the thin layer assumptionin the resuspension

depositionmodel in TEMPEST•
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FIGURE 4.8 SurfaceRepresentationof Solids Accumulationon the Floor
(Ibm/ft2) for the Case of 70 /_mParticles,9.1 m (30 ft) Fluid
Depth, and a Medium CriticalShear Stress [Td - T r = 96 dyne/cm2
(0.200 Ibf/ft2)]Assumption

The time dependenceof the accumulationof material on the floor of the

tank is shown in Figures4.10 and 4.11 for the large particles(70 /_m)and the

small particles(10 /_m)modeled. In each of the figures,the total mass of

material accumulatedon the floor is plottedas a function of time for three

assumptionsof criticalshear stresses. Low [Td = T r = 11 dyne/cm2 (0.023

lbl/ft2)]impliesthat all material along the axis of the jet is resuspended,

medium [Td = lrr = 96 dyne/cm2 /90.200 Ibf/ft2)]impliesthat a portionof the

material along the axis of the jet is resuspendedand subsequentlyredeposited

along the axis; and high [ird- Irr = 358 dyne/cm2 (0.747Ibf/ft2)]impliesno

material is suspendedalong the axis of the jet. Each of these cases were run
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FIGURE 4.g Surface Representation of Solids Accumulation on the Floor

(Ibm/ft2) for the Case of 70 /_m Particles, 9.1 m (30 ft) Fluid
Depth, and a High Critical Shear Stress [Td = T = 358 dyne/cm2
(0.747 Ibr/ft2)] Assumption r

for a fluid depth of g.I m (30 ft). For the case of large particles (Figure

4.10), if the material is not completely resuspended along the axis of the jet

(medium and high Td cases), eventually all of the material will be deposited

• somewhere on the tank floor. If all the material is resuspended along the

axis of the jet as the jet sweeps by, an equilibrium condition is reached,

• even if it is redeposited somewhere else. The same is true for the small

particles (Figure 4.11), although it would take longer for the small particles

to accumulate on the floor. Figure 4.11 shows that only the low critical

shear stress case has reached a state of quasi equilibrium, that is, a state

where for each pump oscillation as much particulate material is reentrained as

settles out.
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FIGURE 4.10 Accumulationof Solids on Floor for Three Critical Stress
Assumptions (Large Particlesat 13 Wt% Solids)

The implicationof these speciestransportresults is that if the

critical shear for resuspensionof settledmaterial is less than the turbulent

shear stress along th_ axis of the floor jet over the longestdistance a jet

has to traverse,an equilibriumconditionwould exist wherein only a small

fractionof the material in the tank would be on the floor at any given time.

• Solids mass fraction distributionsin the verticaldirectionat various

locationsaround the tank are presentedin Figures4.12 through 4.14. These

resultsare for the small particle (10pm) cases computedwith the three

critical shear stress assumptions:low being a small enough value for all

material to be picked up along the total length of the jet axis; medium being

a value somewherebetween the minimum and maximum of the distributionalong

the jet axis; and high being a value greaterthan the maximum of the

distributionalong ti,ejet axis such that no material is resuspended.
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FIGURE4.11 Accumulationof Solidson Floorfor ThreeCriticalStress
Assumptions(SmallParticlesat 13 Wt% Solids)

In Figure4.1Zfor the low criticalshearstressassumption,there

appearsto be a ratherlargevariationin themass fractionat the different

locationsaroundthetank. Note thatfor thiscase,an equilibriumcondition

has beenreachedforthe materialthatdepositson the floorbetweeneach

passingof thejet (seeFigure4.11). All of the materialdepositedbetween

jet sweepsis resuspendedby the jet. As a result,the mass fractionadjacent

to the tankwall and in a planesubtendedby the jet axis (opencircles)is

quitehighbecauseof thematerialthathas justbeen resuspendedfromthe

floorlayer. Thus,exceptfor the very localizedregionadjacentto the floor

and up the outerwall in the planeof the jet axis,the variationin

distributionof materialaroundthe tank is quiteuniform,beinglessthan

abouta 5% variationfromthe mean. A verysimilareffectis seen in Figure

4.13for the mediumcriticalshearstressassumption.For this case,someof
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FIGURE4.12 lertical Variation of Mass Fraction for Low Critical Shear Stress

the material depositedbetweenjet sweeps is resuspendedalong the axis of the

jet, but not all. Thus, the variationwith position is not as marked.

However, it must be noted that for this case, an equilibriumconditionhas not

been reached either,because a net amount of material is depositing relative

to resuspending(see Figure 4.11). Eventually,the "average"mass fractionof

these curves will tend towardszero. Of primary significancehere; however,

is that there is less than about a 5% variationin material throughoutthe

tank, except for the local effect caused by floor resuspensionalong the axis

of the jet. This observationis furthersupportedby resultsin Figure 4.14

for the high critical shear stress assumptionwhere it is evident that no

material is being resuspendedalong the jet axis. Again it is seen that the

variationaround the tank is less than about 5%.
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FIGURE4.13 VerticalVariationof Mass Fractionfor MediumCriticalShear
Stress

The primarysignificanceof thesespeciestransportresultsis, again,a

reaffirmationthat the criticalshearstressesfor resuspensionanddeposition

of particulatematerialareof "critical"importance.If,on the flooralong

the axisof the jet,thereis sufficientturbulentshearstressdevelopedto

resuspendparticulatematerialdepositedbetweenjet sweeps,the mixingpumps

shouldbe ableto maintainmaterialwellmixedin the fluidvolume,exceptfor

localizedeffectscausedby resuspensionalongthe axisof the jet.I

4.5 RESULTSOF SLOPED-FLOORMODELING

Analysisof the effectof the slopedfloorof the tankwas conductedby

two approaches:I) investigategeometricconsiderationsof the intersectionof

an (assumed)unconfinedroundfreejet with an (assumed)slopingtankfloor

and 2) use TEMPESTto computethe hydrodynamicsof mixingjets issuingfrom a
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Stress

pump. In the latterapproach,a singlepumpwas assumedto be offset6.4 m

(21ft) fromthe centerof the tank. The hydrodynamicsof the jets and the

shearstressdevelopedon the floorwere of primaryconcern. One jet is

directedat the nearesttankwall and the otheris directedthroughthe tank

centerlineat the far tankwall.

4.5.1 GeometricConsiderations

A schematicof a mixingpump locatedoff centerin the tank is shownin

Figure4.15. If a jet expansioncone angIefor an unconfinedfreeroundjet

is assumed(orknownfroman empiricalcorrelation),it is mathematically

possibleto developthe equationsfor the intersectionof the expansioncone

and the slopedfloorof the tank. When initiallyattempted,this approach

producedan iterativesolutionof transcendentalequationswith verypoor
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FIGURE4.16 Linesof Intersectionof an AssumedFreeTurbulentJet with a
SlopedTank Floor(7 degreeJet Half Angleof Expansionand 3%
FloorSlope)

convergencebehavior;therefore,the approachwas terminated.Instead,the

intersectionwas obtainedgraphicallyusinga solidbodymodeleron a

computer.Resultsof the intersectioncurvesfor a six-pumpin-tank

configurationare presentedin Figure4.16 for a floorslopeof 3% (1.7i

degree).
I

A jet cone spreadangleof 14 degree(7degreehalfangle,(Zj,I/Z)WaS

usedin theseresults. Thisanglecorrespondsto a velocityratioU/Um =

0.31,whereU is the localvelocityat the edgeof the jet cone spreadandUm
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is the local velocity at the Jet centerline. This result is derived from an

expressionfor an unconfinedfree Jet (Abraham1963) to be(a)

tan(ej.112)- [In(I/f)/K]I/2 (4.6)

where f equals U/Um, the local velocityratio, and K equals 77, an

" experimentallydeterminedconstant.

Data in Figure 4.16 indicatethat there is sufficientoverlap of the

floor sweepingeffect of the jet to adequatelycover the whole of the floor

with six pumps. In fact, the U/Um - 0.31 line is probablyvery conservative

because in the real case of the confinedfloor jet, attachmentand hence

sweepingactionwould be a much tightercircle. This is because a wall (floor

in this case) confinedjet will tend to deflect slightly(b)because of

reducedentrainmentcaused by the presenceof the floor. This geometric

analysisapproach,however,does not addresswhether the turbulentshearing

action of the floor jet is sufficientto cause resuspensionof any settled

material.

4.5.2 Descriotionof ComoqterModelinqApproach

A computermodeling approachwas used to furtherinvestigatethe effect

of the slope floor. This was done by simulatingtwo jets issuingfrom a

single pump located at a distance of 6.4 m (21 ft) from the tank centerline

(see Figure 4.15). For this simulation,the centerplaneof the tank was

assumedto be of primary importance,and thus the calculationwas performedin

a large, rectangularvolume representingthe tank. The pump was assumedto be

stationarywith the axis of one of the fluid jets directedtowards the nearest

wall and the other directed throughthe tank center towardsthe oppositewall.

• For these assumptions,the characteristicsof the axial floor jet could be

(a) Internalcorrespondencefrom DS Trent, PacificNorthwestLaboratoryto
RT Allemann,PacificNorthwestLaboratory,dated March IB, 1992.

(b) L. L. Eyler. 19B8. InvestigAtionof Coanda Deflectionof Double Shell
Tank RetrievalProcessMixinq Jets. ESD-BB-112,Rev I. Internalreport
of work performedby PacificNorthwestLaboratoryfor Westinghouse
Hanford Company.
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investigated for both the up-slope and down-slope directions along the tank

floor. The up-slope direction is of significance in that this is the

direction of shortest distance to a tank wall. The down-slope direction is of

significance because tt represents the longest distance to a tank wall from a

pumplocation. These two distances bound the length over which the jets from

any single pump in the six-pump configuration would traverse along the tank
Q

floor.

Four calculations were conducted:

• flat bottom tank (for basis of comparison)

• 5% (3.0 degree) slope with the jet centerlineat 0.46 m (1.5 ft)
above the tank floor at the pump location

• 3% (1.7degree) slope with the jet centerllneat 0.30 m (I.0 ft)
above the tank floor at the pump location

• 3 percent (1.7 de9) slope with the jet centerlineat 0.30 m (1.5
ft) above the tank floor at the pump location.

The last of these cases is the design basis. The others were conducted as

parameter Investigations. For the sloped bottom cases, the generalized
curvilinear coordinate feature of TEMPESTwas used. In the computer model,

the floor of the tank sloped down towards the tank center from under the pump

location, across a 0.61 m (2 ft) flat surface at the tank center, and sloped

up towards the opposite tank wall.

4.5.3 Hydrodynamic Results

Results in Figure 4.17 compare the horizontal velocity component

distribution as a function of height at the centerline of the tank. [t is

apparent that the cases of the steeper slope [5%, Hj = 0.46 m (1.5 ft)] and

shallower slope with the pumpcloser to the floor [3%, Hj - 0.30 m (1.0 ft)]
are less developed into floor jets than are the other two cases. This results

in a lesser shear stress along the down-slope floor for these two cases, as

shown in Figure 4.18. The up-slope side shows a significantly increased

shearing action. These results are interpreted to indicate that for a six-

pumpconfiguration if the jets issue horizontally, the center of the tank has

a greater propensityto accumulateparticulatematerial becausethat is the
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of a F]at Bottom and Three S]oped Bottom/PumpLocation
Combinations for a PumpSttuated at a 6.4 m (21 ft) Radtus

regton where the least shear stress extsts for the resuspension of settled
material. Actual accumulation, however, wtll depend upon the ratto of the

crttical shear for deposition relattve to results such as those shown in

Ftgure 4.18. A characteristic veloctty fteld for the flat bottom case is

showntn Ftgure 4.19.

4.6 EXTENSIONOF RESULTSTO SIX-PUMPDESIGI]

. The limitation tn the TEHPESTcode that a rotattng pumpcould only be

treated as centrally located requtres that the results of the computer

. analysts be extrapolated to the stx-pump design. Doing so requires some

heuristic modeling, someextension of results, and somecomparative

discussion. There are three basic areas tn which thts has to be done: 1)

hydrodynamic mtxtng enhancementsof the stx-pump configuration, 2) physical

4.31



2.00

FLOOR SHEAR STRESS (Ibr/II"2)

On Tank F Along Jel Axis From One Pump OIIsel al R = 21 li

1.50 -

II

,_
j:) Slope I Ii,p I Ii,c
v

u) --m-- Flal 1.5li 1.5 II
1.00 m=__ 3 pcr 1.o t.6 .L-

03 ¢ ' 3 pcl t,5 2.1
_- -= 5 pcl t.5 2.6
(1) Flal, 30 II deep, Fig.4.4.5c-

03 --_ Powell,Fig. 4.4,5

0.50

I
0.00

0 25 5O

Dislance From Pump Cenlerline (11)

FIGURE4.18 Comparisonof the DownwardSlope Direction Turbulent Shear Stress
Distribution on the Floor of the Tank Along the Axis of the Jets
of a Flat Bottomand Three Sloped Bottom/PumpLocation
Combinations for a PumpSituated at a 6.4 m (21 ft) Radius

processesof solid-liquid Interactions, and 3) special considerations of

problemsthat a stx-pumpconfiguration would induce that a single pumpwould
not.

4.6.1 Fluid Hvdrodvn_mi¢_of the ,t4ixina Proc_

The stngle pumpresults indicate quite clearly from the smaller (10 pm),
=

lighter (specific gravity of 1.6), particle analysis that the jet convective

action ts quite capable of circulating the solid particles throughout the tank
volumeand maintaining the material well mixed. The caveat to this

observation is that material that is deposited on the floor, in whatever

fraction of the total, will induce a local perturbation to the uniformity of

the distribution. This perturbation will be in the form of a locally higher
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concentrationnear the (axlal)end of the jet caused by material resuspended

along the jet's axial path. The logicalextensionof this result is that six

pumps will do just as a good, if not better, a job of reducingthe amount

deposited.

The resultsof the fully coupledhydrodynamicswith the settling and

density effectsof the larger (70 /_m)particlesmodeled with a specific
J

gravity of three indicatepotentialfor the jet to become a forced plume

(e.g.,lift off the floor) if all the solid particlematerial in the tanks are

at these parameters. For the six-pumpcase, which possessessix times the

pumpingpower of the single jet case, it can be rationallyargued that each

pump would see only I/6th of the same material and the settlingeffectson the

jet would be reducedaccordingly. Furthermore,the material particle size

distributionof an actual waste (such as neutralizedcurrentacid waste) is

expected to have only 5% of its contentin the 50 /_msize range and greater.

This furtherreducesthe propensityfor densityeffects to significantlyalter

the hydrodynamicsof the floor jet.

At low liquid levels in the tank, flat-bottomtank analysisindicated

that there was a jet entrainmenthinderingmechanismpresentcaused by

proximityof the free surface. From these observations,it is concludedthat

there would be an overall advantageto tiltingthe pump (or otherwiseangling

the jets) so that each of the jets issues into the fluid parallelto the floor

at all rotation angles. The down side is that at low liquid levels,the jet

may impingeat a right angle on the nearestwall to be diverted upward by the

tank knucklewith sufficientmomentum to induce significantsurface

penetration. This may be of significanceto concernsof aerosolgeneration in

the dome space.

4.6.2 Resuspensionand Deposition

This analysiswas done with little confidencethat the absolutevalues

of the criticalshear stress for resuspension(in particular)are directly

applicableto particulatematerial that is expected to be present in the feed

preparationtank. For that reason,the analysisparameterizedthe effects as

a functionof the critical shear stressrelative to the maximum and minimum

along the floor jet axis. The results indicatedthat ][Fthe critical shear

4.34



stress for resuspension was less than the minimumalong the floor jet axis,

all material deposited on the floor between jet passings would be resuspended

during the sweep• If the critical shear stress were somewherebetween the

minimum and maximum, somematerial would be picked up, but only to be

redeposited further along. If the critical shear stress for resuspension is

greater than any turbulent shear stress along the jet axis, no material would
I

be resusp_.,ded. Thus, it would be prudent to do a more exhaustive study to

quantify the critical shear stress as it appliesto the DST tank wastes.

In spite of this uncertainty,several argumentscan be made regarding

the relationof the single pump modeling to the six-pumpdesign. From just a

geometricpoint of view, the maximumdistance along which a single jet from

the six pump/12jet design would have to traversewould be 6.7 m (22 ft) (see

Figure 3.3). For a scenariowhere only three of the jets were operating,the

maximum distancewould be g.g m (32.5 ft). (This distance is roughly the same

distancefrom a centrallylocatedpump to the tank wall.) Discountingthe

potentialfor a shadowing/interferenceeffect of a disabled pump in between

the two, the single,centrally-locatedpump resultswould be the same as far

as resuspensionalong the jet axis is concerned. Again, material could be

resuspendedas long as the critical shear for resuspensionwas greater than

the minimum of the distributionalong the jet axis (see Figures4.6 and 4.18).

Anotherconsiderationwould be that the net amount of material which

would need to be deposited/resuspendedper pump would be I/6 that of the

single pump analysis. For the six-pumpcase, at equilibrium,the mass flux

depositing (Equation4.3) would have to be less than or equal to that being

resuspendr_d(Equation4.4). Mathematically,for the conservativecase of the

criticalshear stress for depositionbeing equal to that for resuspension

• (e.g..no hysteresis),the relationbe _mes

• Pm Vs@ Ad td _ R Aj (l-td). (4.7)

The product, Pm 0, is the mass concentrationof solids in units of mass per

volume,Ad is the depositing (settling)area, and Aj is the area swept by the

je). Note that Ad- AT - Aj, where AT is the total floor area of the tank and

td is the time intervalbetweenjet sweeps at a given location. This time is
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a function of jet width because the jet is spreading as it traverses along the

tank floor. Thus, if one ascertained that the resuspendability of settled

material in the tank was of sufficient value as to exceed the average mass

concentration times the settling rate (Stokes settling velocity, Equation

4.1), and the ratio of the area times the time over which deposition was

occurring relative to that over which resuspension were occurring, lt could be

argued that no net material would accumulate on the floor. The deposition and

resuspension regions are shown schematically in Figure 4.20. To obtain a

closed solution of the criterion of Equation (4.7) requires an expression for

the spread of the floor jet, or an area integration of floor shear contours

such as those shown in Figures 4.3, and a rather complicated (geometrically)

integration. This approach to analyzing the tendency for net build up of

material on the floor with time was not completed because lt was concluded

that a more in-depth understanding of the resuspendability would be necessary

to make the effort worthwhile.

4.6.3 Special Considerations of the Six-Pump Desiqn

There are at least two special considerations that have to be given to

the six-pump design that were not analyzed directly. One is the potential for

jet interference from adjacent pumps, and the other is the effect of the floor

jet impinging at an angle other than normal to the tank wall. Such an

impingement angle would be near that shown in Figure 4.20.

Floor jets from adjacent pumpswill intersect as the pumpsrotate

through an oscillation. It is conceivable that if the pumpsare rotating

synchronously, and their jets are aligned in one of several ways, the ability

of the floor jets to continuously sweep the whole of the tank floor may be

impeded by the jets interfering with each other. To counter this potential,

lt is suggestedthat the pumps be rotatedasynchronouslywith perhaps two or

three rotation rates.

The effect of the jets impingingon the tank wall at an angle other than

normal has not been analyzed. An intuitiveargumentcan be made, however,

that this will not have a major impacton the design. Consider a jet an_e

such as shown in Figure 4.20. Upon reachingthe tank wall, the floor jet,ill
\,
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• be partiallydivertedupward by the tank knuckleand be partiallydiverted in

the azimuthaldirection. Any portionof the diversionup the tank wall will

aid in mixing materialresuspendedfrom the floor. Any diversion azimuthally

around the tank wall will carry materialfurthertowards a positionwhere

anotherjet from an adjacentpump will pick it up and move it back. lt is

this back and forth (washingmachine) action that is arguably the mechanism

that would keep it suspended.
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5.0 OPERATIONALAND DESIGN CONSIDI_RATION.S

Operationalconsiderationsfor mixing pumps and retrievalpumps are

discussedin Section 5.1. In Section5.2 parametersthat affectmixing

uniformityare investigatedto suggestalternativemixing and retrievalpump

operatingstrategies.

5.1 MAINTAININGUNIFORM CONCENTRATIONIN THE HWVP PROCESS.FEEDSTREAM
w

Operating the HWVP feed preparationsystem to providea feed stream

where concentrationremainswithin specifiedconcentrationlimits is of

extreme importance. There are two complementarymethods to provide a uniform

processfeed: I) maintaina uniformconcentrationthroughoutthe tank within

feed specificationsor 2) withdrawthe feed at a locationwithin the tank that

stays within the specifiedconcentration.

5.1.1 Mixinq Pump Operation

The operatingspecificationsfor the concentrationuniformityof the

HWVP feed stream have not been finalized. Severalhomogeneitygoals and

correspondingranges in concentrationhave been proposed as listed in Table

5.1. The more reasonablehomogeneityrequirementfor a 3875 m3 (l-million-

gal) tank is probably a homogeneityof 80% to 90%.(a)

T_BLE5.1 ProposedHomogeneity/UniformitySpecifications

Homoqeneity !op-to-BottomConcentration

98% ±1%

95% ±2.5%

90% ±5%

80% ±10%

(a) L. D. Swenson. October 24, 1991. "HanfordWaste VitrificationPlant
Feed Tank AgitationAssessment." Memo 85433-gi-067. Westinghouse
HanfordCompany, Richland,Washington.
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FIGURE 5.I Constant ConcentrationContours (-1%, Mean, +1%) for Homogeneity
of 98% for 10-/zmParticulateat a Fluid Depth of 9.1 m (30 ft)

In this analysis,computationalresultswere based on a single,

centered,rotationally-oscillating,dual-jetmixer pump. Data from this

configurationwere analyzedto observethe regions of tank volume that exhibit

these degreesof homogeneityfor 10-/_mdiameter particulateat a fluid depth

of g.l m (30 ft). Surfacesof constantconcentration±1%, ±2%, and ±5%

uniformityare plotted in Figures5.1 through 5.3. These are isocontoursof

concentration. Unshaded regionsare simplynot of the specificconcentration

level. For points between the contours,the concentrationshould be within

the specifiedbounds; for points outsideof the contours,the concentration

will be outsidethe specifiedbounds. In each of these figuresthe jet is

shown in black. The lightershaded dots at the top center of the plot

indicatean isosurfaceof concentrationat the lower tolerance(-1%,

-2%, or -5%) from the mean concentration. The darker shaded surfaceat the

lower portionand along the wall of the tank indicatesan isosurfaceof

concentrationat the higher tolerance(+1%,+2%, or +5%) from the mean

concentration. These figuresshow that most of the fluid in the tank is

within ±1% of the mean concentration,and virtuallyall of the fluid is within

±5% of the mean. For ease of interpretation,the mean concentrationhas been
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FIGURE 5.2 ConstantConcentrationContours (-2% and +2%) for Homogeneity
of 96% for lO-/_nParticulateat a Fluid Depth of 9.I m (30 ft)

omitted from Figures5.2 and 5.3. The volume betweenthese surfaces is within

the specifiedhomogeneity. The area of the lower boundary along the floor

beneaththe jet and along the tank wall indicatesareas where the jet is

resuspendingparticulatethat is being carriedto the upper surfaceof the

tank. The plots show that for 10-pm diameter particulatein a tank fulled to

a fluid depth of at 9.1 m (30 ft) the majority of the tank remainsuniform

within the _+5%isosurfaceof concentration.

5.1.2 RetrievalPump Operation

The locationof the inlet to the transferpump, used to retrieve feed

from the tank, may influencethe uniformityof the feed stream. The maximum

degree of inhomogeneityachievedduring retrievalwill differ from the spatial

' inhomogeneityin the tank as will be demonstratedin the followingexamples.

Concentrationprofiles of settlingsolids in turbulentflows may beo

estimatedby an exponentialfunction,particularlywhen the mechanism for

distributingthe solids is diffusive (Bamberger,Liljegren,and Lowery 1993).

Typical concentrationprofiles showingthe manner in which the solids

concentrationwill vary with the fractionalheight from the bottom of the tank
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FIGURE5.3 Constant Concentration Contours (-5% and +5%) for Homogeneity
of 90% for lO-/an Particulate at a Fluid Depth of 9.1 m (30 ft)

are shown in Figure 5.4 based on the assumptionof an exponentialprofile.

The concentrationas a fractionof mean solids concentrationin the tank is

illustratedfor three cases: concentrationsvariationsfrom top to bottom of

+1%, +10%, and +100% of the mean concentration.

In Figures 4.12 through4.14, verticalvariationof mass fractionwas

presentedfor three levels of critical shear stress: low, medium, and high.

These plots were based on a fluid depth of 9.1 m (30 ft) and 10-/_mdiameter

particulate. The plots presentmass fractionas a function of elevationat

three radii, in a plane parallelto the jet and a plane perpendicularto the

jet. At each snapshotin time, the mass fractionvariations are quite

constantwith elevation. Therefore,based on these examples at full fluid

depth, the radial locationof the retrievalpump is not critical.

Although it is not certainthat an exponentialfunctionmay describe the

solids distributionduring suspensionof solids throughoutthe tank as a

function of fluid height,an analysisto determinethe typicalvariationin

the concentrationat the withdrawalpoint during retrievalwas performedbased

on this profile. For each concentrationprofile,th'ereis a tank location at

which the concentrationmatchesthe mean concentrationin the tank.
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[IGURE 5.4 EstimatedConcentrationProfilesas a Functionof Height

Slurrywithdrawal from this locationwould have the same concentrationas the

entire average tank concentration;this locationmight be consideredto be the

optimumlocation for withdrawalof slurry• This optimumsite occurs at a

distance from the bottom of the tank that depends on the degree of

inhomogeneityin the solids concentration• When solids inhomogeneityis

small, the optimum occurs at a horizontalplane passingthrough the tank

' center;when the inhomogeneityis large, the optimumoccurs lower in the tank.

The variationof the optimalwithdrawallocationas a functionof the

• concentrationdifferencebetween the top and bottom of the tank is shown in

Figure 5.5.

Furtheranalysis based on the assumptionof an exponentialprofile to

estimate concentrationvariationwith height were conducted• The relations

describingthe spatialconcentrationprofilewere used to estimate variation
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in the mean concentrationin the tank and the variationin the concentration

of feed as a functionof feed level (Figure5.6). In this example, solids

were withdrawnfrom an elevationof 0.25 H,(a}where H is the initialliquid

level in the tank; the initialconcentrationdifferencebetween top and bottom

of the tank was 10%. The concentrationof the retrievedslurrywas found to

be 2.5% greater than the averagetank slurry concentrationduring initial

stages of retrieval. This concentrationfell as the tank emptied. The

calculationwas terminatedwhen the liquidlevel dropped to the withdrawal

point. During withdrawal,the mean concentrationalso varies with time.

Initiallythe point at which feed is withdrawnfrom the tank is below the

locationof average concentration. As a result,the feed withdrawn from the

(a) 0.25 H is an arbitrarilyselectedlocation. However,at this elevation
0.75 H of the tank can be retrievedwithout a change in suction
location,making the analysisat this locationmore desirablethan a
locationabove the tank mid-elevation.
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FIGURE5.6 Variation in Feed Density as a Function of Remaining Feed Height

tank is more concentratedthan the averageconcentrationin the tank and the

overallfeed concentrationwithin the tank decreaseswith time. However, once

the tank feed level falls sufficiently,the withdrawallocation is above the

location at which the local averagematches the tank average. At this point

the concentrationof the withdrawnslurry is less than the average

, concentrationof the feed within the tank and the concentrationof the feed

within the tank increases. The concentrationof the retrievedfeed when the

, tank feed level reachesthe withdrawallocation is slightlygreater than 98%.

Thus, althoughthe original spatialvariationin the tank contentswas 15%,

the variationin the concentrationof the retrievedfeed is approximately4%.

These exampleshave shown the linkagebetween tank concentration,

retrievallocation,and feed concentration. The variation in the
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concentration of the retrieved feed and the spatial variation in the

concentration of feed remaining in the tank differ substantially. These

differences will dependon the location of the retrieval port. Experimentsto

quantify the effects of retrieval port location are planned as a part of the
double-shell tank retrieval project (Bamberger, Liljegren, and Lowery 1993).

5.2 DESIGNCONSIDERATIONS

Parametersthataffectthe uniformityof the tankcontentsand

consequentlythe uniformityof the feed streamremovedfrom the tank include

• physicalpropertiesof the processfeed
- concentration
- particlediameter
- slurryviscosity
- densitiesof the supernatant,mixture,and particulate
- yieldstrength
- criticalshearstress

• geometricparameters
- numberof mixingpumps
- mixingpump location(radius,elevation,and angleto floor)
- placementanddiameterof mixingpumpsuctionand nozzle
- retrievalpumplocation(radiusand elevation)
- retrievalpump inletdiameter
- depthof fluid
- slopeof floor

• dynamicparameters
- jet rotationrate
- jet asynchronization
- jet nozzleexitvelocityanddischargeparameter(UoDo)
- numberof jets in operationat one time.

Basedon the computationalandheuristicanalysespresentedto date,

observationsregardingchangesin someof theseparametersare addressed.
8

5.2.1 PhysicalProperties

The particulatecharacteristicsof densityand diameterconsolidatedin

the particlesettlingvelocityprobablyhavethe greatesteffectupon

maintenanceof uniformitywithmixingpumps. The particulatediametermay be

regulatedby preprocessingactivitiespriorto insertionintothe HWVPfeed

preparationtankto reducethe particlediameterto one thatcan be maintained

in suspensionby themixingpumps.
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For particulatethat has settled and must be mobilized,the critical

shear stress for resuspensionis the most importantparameter. This parameter

is more difficultto characterizethan particle_ettlingvelocity and no

method for its selectivecontrol is offered. Rheologicalinvestigationsmust

be conductedto better quantifythis parameter.

5.Z.Z GeometricParameters
a

Of the geometricparameters,the number of mixing pumps is most critical

, to the design. By reducingthe number of mixing pumps, benefits are gained in

two areas: I) cost savingsfrom purchasing,powering,decontaminating,and

decommissioningless mixing pumps; and 2) decreasedheat input to the tank

from the mixing pump motors. One four-pumpdesign that could be considered

includesone centrallylocatedmixing pump and three mixing pumps locatedon a

5.7 m (18.75 ft) radius 120 degrees apart is shown in Figure 5.7. A planar

view schematicof the pump locationsand geometricparameterssuch as linear

distance to adjacent pumps is shown in Figure 5.8. In this design, with all

four jets operating,the three offset jets must maintain a crit'cal shear

stressfor resuspensionfor a length of g.9 m (32.5 ft). Review of Figure

4.18 shows that over the region from 6.7 to 9.9 m (22 to 32 ft) floor shear

stress remains relativelyconstant. Therefore,extendingthe workingdistance

of each jet from 6.7 m (22 ft) for the six-pumpdesign to 9.g m (32 ft) for

the four-pumpdesign may be rationalized. Also placing a mixing pump at the

tank center may inhibitaccumulationof particulatein this region from offset

jet interactions.

Some benefitmay be obtainedby mounting each mixer pump at an angle

with the tank dome (throughplacementof a spacer)to orient the jet parallel

to the tank floor. In this orientation,each jet would be able to resuspend

' equallyeffectively. In the currentorientation,the up-slopejet may be more

effectivethan the down-slopejet.

' Depth of fluid is seen to have a profoundeffect on the shape of the

jet. In this analysisthree fluid heightswere investigated;at the lowest

depth, the jet did not achieve a floor jet profile. Restrictedentrainment

both above and beneaththe jet caused it to assumemore azimuthalrather than

floor jet characteristics. When this transformationis considered in
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229 m (75 ft) diameter

FIGURE 5.7 Schematicof the Four-PumpAgitationSystem

conjunctionwith height of the jet above the floor, it would not be prudent to

increasethe nozzle centerlineabove the 0.46 m (1.5 ft) design location above

the floor. Raising the nozzle furthermay cause the jet to be affectedby

fluid height at an even higher depth.

The retrievalpump inlet can be locatedto enhancethe uniformityof the
tw

process feed withdrawn from the HWVP feed preparationtank. Cursory

investigationsshow that the pump inlet should be locatedbelow the mid-depth

of the fluid.
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FIGURE_5.8 Planar View of Four-Pump Configuration

- 5.2.3 DynamicParameter_
i

Jet asynchronizationshould be implementedto ensure a random character

to the resuspensionof material from the tank floor, lt is difficultto

" envision perfectlysynchronizedpumps; neverthelessthis conditionis probably

not desirablebecause it would promoteselectiveaccumulationin arJas where

continuedjet interferencesoccur. Such interferencesmay inhibit

resuspension.
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No additiona_specific recommendationsfor dynamic parametersare

offered. As a part of the Double-ShellTank Retrievalproject,conductedby

PNL for WHC, correlationswill be devclopedto predictdynamic parameters

requiredfor sludge mobilizationand maintainingslurry concentration

uniformity(Bamberger,Liljegren,and Lowery 1993). These correlationswill

also be ap_licablefor operationof the mixing pumps plannedfor use in the

HWVP feed preparationtanks.

5.12
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