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Executive Summary

The episodicgas releaseevents (GREs) that havecharacterizedthe behaviorof
,, Tank 241-SY-101 for the past severalyears are thoughtto resultfrom gases generated

by the waste materialin it that becometrappedin the layerof settledsolidsat the
bottomof the tank. SeveralconceptsformitigatingtheGREs have beenproposed.

Q

One concept involvesmobilizingthe solidpa,,ticleswith mixingjets. The rationalebehind
this idea is to preventformationof a consolidated!ayerof settledsolidsat the bottomof the
tank, thus inhibitingthe accumulationof gas bubblesin this layer.

The purpose of jet mixingin this applicationis not to achieve uniformityof the tank con-
tents but, instead,to preventa thick layerof consolidatedsolidparticlesfrom formingat the
bottomof the tank that can trapgas bubbles. A varietyof jet mixingconcepts have been pro-
posedthat mightachievethis goal, rangingfrom vertical jets and draft tubes to horizontal
dischargersthat are stationaryor rotating.

Numericalsimulationswere conductedusingtheTEMPESTcomputercode to assessthe
viabilityand effectivenessof the proposedjet dischargeconceptsand operatingparameters.
Beforethese parametricstudieswere commenced,a seriesof turbulentjet studieswere con-
ductedthatestablishedthe adequacyof theTEMPEST codefor thisapplication.Configurations
studied for Tank 241-SY-101 includecentrally locateddownwarddischargingjets, draft tubes,
and horizontaljets that are either stationary or rotating. Parameterstudies includedvarying
the jet dischargevelocity,jet diameter, dischargeelevation,and materialproperties. A total of
18 simulationswere conductedandare reportedin thisdocument. The effectof gas bubbleson
the mixingdynamicswas not includedwithinthe scopeof thisstudy.

Resultsfrom thiswork indicatethat high velocity jets discharginghorizontallynear the
bottomof the tank are more effectivemixingdevicesthan verticaldownwarddischargingjets
locatedat the center of the tank. A centrallylocatedverticaljet or draft tube wouldrequirean
unreasonablylarge dischargerate to mobilizethe settledsolidsnear the outerwall of the tank.
The TEMPEST simulationsindicatethat an incrementallyrotatedhorizontaljet located2- to
3-feet above the tank floor appearsto be the most effectivejet mixingoption.
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1.0 Introduction

The episodic gas release events that have characterized the behavior of Tank 241-SY-101
for the pastseveralyears are thoughtto resultfromthe entrapmentof gases generatedin the
settled solids(i.e., "slurry")layerof the tank. These gases, generatedby complicatedand
poorlyunderstoodradiologicaland chemicalprocesses,are thoughtto remaintrappedin the

" settled solidslayer in the tank untiltheir accumulationcauses a buoyantupsetof the settled
materials. This upsetis a ratherdramaticevent in that a large amountof the trappedgas is
releasedfrom the tank in a shorttime. Duringthisepisode,hydrogengas concentrationin the
tank dome increasesand could reach the lowerflammabilitylimit,posinga potentialfor

ignition.

If the gases were continuouslyreleasedfrom the settled layer, the possibilityof attaining
flammableconcentrationsof hydrogenin the tankdome atmospherewouldbe significantly
diminished. One conceptfor preventingits accumulationis to mobilizethe settled materials

withjet mixing, lt is suggestedthat continualagitationof the settledsolidswouldfree the
bubblesso that they could continuallyescape, thus mitigatingthe potentialfor attaining
flammableconcentration3.

Therefore, this document reports on initial numericalstudies of Tank 241-SY-101 jet

mixingconceptsconductedwiththeTEMPESTcode. Conceptsthathavebeenaddressedare

• vertical jets/draft tubes

• liquid piston

• horizontal jets.

Considerationof gas bubblestrappedin the slurry,andthereforethe influenceof gas
bubbledynamicson the slurry motion,was _ot includedin the scopeof this study.

The studieswereconductedusingtheTEMPEST fluiddynamiccomputercode(a).TEMPEST
solves the three-dimensionaltime-dependentequationsthat governthe turbulenttransportof
momentum,energyand mass. TEMPEST is ideallysuitedfor the tank mixingnumericalanalysis
becauseof demonstratedcapabilityfor accuratelysimulatingthe dynamicbehaviorof high-

. speed jets, includingturbulent kinetic energy, entrainment,and circulation.

" (a) This report is a draft documentby D. S. Trent and L. L. Eyler. 1993. TEMPEST - A
Comouter Programfor Three-Dimensional.Time-DependentComputationalFluid
Dynamics" Theory_Manual. Version T, Mod 3. Pacific Northwest Laboratory, Richland,v

Washington.
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2.0 Background

By way of background, presented in thissectionis a basicdescriptionof the
Tank 241-SY-101 and the three jet mixingconceptsto be addressedin this report. The physi-
cal characterof the tank,withdetailson variousgas releaseevents,has been documentedin a
variety of documents(see Allemannet al. 1991, Bryan et al. 1991, Simpson(a),Tingey(b)). Jet

" mixingconcepts,on the other hand, are describedin Babad et al. (1992) report.

2.1 Description of the Tank

The physicalcharacterof Tank 241-SY-101, alongwith details of the variousgas release
events, has been documentedin varietyof reports. A reviewof this informationis not contained
in this document,but may be found in (Allemannet al. 1991, Bryan et al. 1991, Simpson(a),
Tingey(b)).

Figure 2.1 illustratesthe geometryand physicalcharacteristicsof Tank 241-SY-101
that are relevant to this study.

Illustratedin the figure is the configurationof materialsin the tank believed to exist when
the solidparticles are fully settled and have formedthe non-convectingslurry layer. This was
the situationin the days just before the initiationof an upsetepisode. The layeredarrangement
shown in Figure2.1 was to be deducedfrom the verticalthermal profilerecordedby the thermo-
couple tree. The layer labeled "mushy crust" exhibitsa linear temperatureprofile typical of
heat flow throughnon-heat generatingsolidmaterial,whereas the layer labeled "convecting
liquid"exhibitsonly a minor temperaturedifferencefrom top to bottom, which is typical of a
naturallyconvectingliquid. The bottomlayer exhibitsa temperatureprofile that is characteris-
tic of non-convectingheat generatingmaterials, lt is in this bottomlayer that gases generated
by radiologicalandchemicalprocessare thoughtto be trapped.

Currentbelief is that the buoyantmotionof gas bubblesgeneratedin the slurry layer are
severely restrainedbecause of the materialviscosity,or yield strength,and their possible
attachmentto solidparticles. Thus, the continuedgrowthandaccumulationof these bubbles

iiIII

e

( a ) Thisreport is a draftdocumentby D. E. Simpson,R. T. Allemann,D. A. Reynolds,T. M.
Burke,andG. P. Johnson. 1992. Assessmentof Gas Accumulationand Retention-
Tank 241-SY-101. WHC-EP-0576, WestinghouseHanford Company, Richland,
Washington.

(b) Thisreport is a draft documentby Tingey,J. M. 1992. physical Characterizationof
Tank 101-SY Core Samples FromWindowC. PacificNorthwestLaboratory,Richland,
Washington.
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Figure 2.1. Cross-SectionView of Tank 241-SY-101

eventuallyleads to a density"upset"that releasesthe trappedgases in a ratherdramaticgas
releaseevent (GRE) called a "burp."Associatedwiththe GRE is the releaseof a significant
amountof hydrogengas whichmightmomentarilyincreasethe concentrationof hydrogenin the
tank atmosphereto the lower flammabilitylimitand pose a potential for ignition.

There is no evidencethat gas bubblesaccumulatein the convectingliquidlayer,andthus it
is assumedthat ali gases generatedin this regionmigrateto the top surfaceandcontinually
escapeto the ventedtank atmospherecausingonlya slightincreasein the hydrr,gen concentra-
tion. The rationale fcr jet mixingof the non-convectinglayer is to force some:legree of con-
vectionand agitationof the slurryso that the bubblesin this layer will continuouslyrelease and
migrateto the liquidsurface,escapingto the ventedtank atmosphere. If thiscan be accomp-
lished,then the possibilityof major GRE will be significantlyreduced, mitigatingthe possibil-
ityof flammableconcentrationsof hydrogendevelopingin the tank atmosphere.

Jet mixingconceptsalongwithotherpossiblemitigationconceptsare discussedin the
Babad et al. (1992) report. Three of these conceptsare addressedin this report:

• vertical jets/draft tubes
qP

• liquid piston

• horizontal jets.



2.2 Description of Jet Mixing Concepts

The following contains a basic description of the three concepts.

* 2.2.1 Vertical Jets

One of the simplistic mixing concepts is to piace a verticaldraft tube throughthe centerof
" the tank. Then a downwarddirectedjet drawsfluidthrougha draft tube from near the top of the

liquidlevel and dischargesit near the bottomof the tank.

There are a variety of ways one mightpositiona centrallylocatedjet in attemptingto
mobilizethe non-convectinglayer. The general layoutof a verticaljet/draft tube arrangement
is illustrated in Figure 2.2.

In this figure,2..d is the jet dischargeelevation,zi is the elevationof the intake,and Dj is
the dischargediameter. Additionaldesignparametersincludethe dischargevelocity,Uj, and
whether the jet is operated continuouslyor intermittently.

2.2.2 Liquid Piston

The liquidpistonconceptis alsosimpleandhas advantageof havingno movingmechanical
parts located insidethe tank. The conceptis similarto a =tirepump"in that a central tube is
filled with liquidby gravity, which is then ejected by air pressurethroughjets located near the
tank bottom. When the liquidin the tube has beenevacuatedat the "bottomof the stroke,"the
air pressureis releasedand the tube again gravity fills with liquid. This processis then
repeated.

i

Figure 2.2. Vertical Jet and DraftTube Arrangement
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The liquidpistonconceptandcertaindesign parametersare illustratedi,; Figure2.3. The
pistonoperationis a cyclicprocesswith the maximumfrequencydeterminedin large part by
the fillingtime. Because the pistonwouldmost likelybe stationary,a number of jet orifices
arrangedalong theperipherywouldbe required. The pistoncouldbe operatedso thatthe jets
could be preferentiallypulsed.

k

2,2.3 Horizontal Jets

The horizontal jet conceptinvolvesa centrallylocatedpumpwith a fluid intake near the
tank liquidsurfaceand dischargingthroughhorizontalhigh-speedjets located near the bottom
of the tank. Thisconcepthas the advantageof impartinga highlyenergeticturbulentflow to the
slurry layer which may be requiredto cause thoroughagitationof the slurry.

The horizontaljet dischargeconceptdiffsrs fromthe liquidpistonin that a submerged
pumpis used to circulatethe materialfrom the upper liquidregion,dischargingit at high
velocityto the lower level of the non-convectinglayer, as shownin Figure2.4. There are
severaldesignparametersthat can be optimized. Thesejets are expectedto be 1.5 to 3.0 in.
in diameterand dischargerecirculatedwastematerialat highspeed, in the rangeof 60 to
125 ft/sec. A minimumof two jets dischargingsimultaneouslyand in oppositedirectionsto
balancea cantileverloadson thepumparrangementwouldbe employed, lt is anticipatedthat

edeg o

u}et

Piston
Cross

d_smol_

Figure2.3. LiquidPiston
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the jetswouldbe located1 to 3 ft abovethetank bottom,andthe intakewouldbe locatednear the
top of the convectingliquid,but dee[:,,enoughto preventpossiblevortexformation. The jet
dischargeazimuth(e) wouldlikelybe changedduringoperation,either by continuousrotation
or incrementalsteps, lt may notbe necessaryto operatethe pumpcontinuously,but rather

, operate it fora periodof timefollowedby a rest period. The operationalmode woulddependon
the slurry mobilizationeffectivenessof the jets.

,, lt is felt that the high-speeddischargewill impart the level of momentumand kinetic
energynecessary to adequatelymobilizethe non-convectlnglayer, lt is also felt that the best
operationalmode mightbe to changethe directionof the jet throughincrementalsteps. In this
case, the momentumand kineticenergyof the jet wouldbe maintainedalongone path for a per-
iod time, providingbetter opportunityto overcome any yield strengththat the solid layer might
have and penetrateto the tank wall. lt is possiblethat under continuousrotationthe jet's turbu-
lent kineticenergy and 'nomentum may be dissipatedin a central well-mixedcore regionwith-
out disturbingthe materialalong the tank radius,extendingto the wall.

PumpGra_,Section

" Figure 2.4. HorizontalJet Arrangement(Two OpposingJets)
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2.2.4 Material Mobilization and Recirculation

In the previousdiscussion,we have used the terms =mobilization"and "fluidization."
Both terms refer to conditionsexistingwher_the particlesthat form the non-convectingslurry
are in motionin that layer-but that are no_mixed throughoutthe tank. For the solidparticles
to be circulatedto the top of the convectingregionnear the pumpintake that mightbe locatedat
this elevation, the circulationvelocityof the convectingliquidlayer wouldneed to be greater
than the settlingvelocityof the solid particles. ,_

Observationof the syntheticwaste settlingexperiments(Allemannand Hinkle(a))suggests
that the settlingvelocity of the solidparticlemay be on the order of 0.001 to 0.0001 ft/sec.
Usingthisvalue, a pumpwouldneed to supply4.5 cfs just to levitatethe solidmaterial(on the
average). Two three-in, diameter jets, operatingcontinuou,=!ywith dischargevelocity of
125 ft/sec would supply3.9 cfs. The averagevertical flowover the diameterof the tank would
be about 8.6 x 104 ft/sec, whichis less than the particle settlingvelocity. On the other hand,
the particle settlingvelocityobserved in the experimentsis subject to a substantialerror
range. The slowestsettlingmaterialsare those visuallyobserved in the experiments. If
there are larger, or more dense particles, the settlingvelocityof this materialwouldbe
substantiallyfaster, makingrecirculationless probable, lt is reasonableto expectthat in
Tank 241-SY-101 there is a range of particle sizes and densities,with the possibilityof
attached bubbles. Therefore, it is likely that some recirculationwill occur with a two pump
operation but that the majorityof the material will simply fluidize.

m,

(a) This report is a draft documentby R. T. Allemannand K. D. Hinkle. 1991. Work Record
Bookfor Waste SlurryTests. Pacific Northwest Laboratory, Richland, Washington.
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3.0 Numerical Modeling

The rationale for conductingeither numericalor physicalmodelingof the variousjet
, mixing concepts under considerationfor Tank 241.SY-101 is primarily to predict, evaluate

and test conceptfeasibilityand guide prototypicdesign. Such informationis invaluableto equip-
mentdesignand operation,givingguidanceto the rangeof parametersrequiredto achieve

° desired resultsand diminishingthe possibilityof unexpectedbehaviorthat may compromisethe
designandoperationaleffectiveness.

Physicalmodelsare usedto producephysicalbehaviorat convenientreducedscaleso that
comprehensiveexperimentalinformationcan be obtainedunder laboratoryconditions. This not
only reduces experimentalcosts but also permits intensivetesting undercontrolledand instru-
mentedconditions. 3uch testingis usuallyconductedfor eitheror bothof two purposes: 1) to
produceinformationthat can be scaledto prototypicdimensionsand 2) produceinformation
useful for development,evaluation,and verificationof a numericalmodel that is to be used for
predicting prototypic behavior.

For physicalmodel resultsto be scalableto prototypicsize, the model mustreproducethe
importantphysicalphenomenaunder conditionsrequired for geometric,kinematic,and dynamic
similarity. That is, the importantphysicalphenomenamust bear the same relative influence
in the prototypeas in the model. These conditionsare usuallydifficultto achievein complex
systemsand similaritydistortionis usuallyunavoidable. The complicatingfactors in
Tank 241-SY-101 are the presenceof solidparticlesthat can be suspended,settle,and form
a slurry that mightbe difficultto mobilizeand the presenceof trapped gases in this slurry
layer. Additionally,viscosityis a functionof solidparticleconcentrationand also is, perhaps,
non-Newtonian.Because of theseinfluences,resultsthat can be reliablyscaledto prototype
conditionsmay be difficultto obtain.

Numericalmodeling,on the other hand, relieson mathematicalinterpretationof physical
phenomenaand has no difficultywith scale. The questionof similarity,whichmustalso be
achievedin a numericalmodel, is implementedthrougha mathematicaldescriptionof physical
processes. How well thiscan be achievedis thena measureof the numericalmodel'ssimulation
accuracy.

Therefore, numerical models must rely to an extent on so-called constitutive,or empiri-
cal, relationships. These relationships are mathematical descriptions of phenomena that cannot
be modeled from "first principles" or that would otherwise be impractical to compute. They
include fluid stress-strain (Stokes viscosity) and viscosity behavior that is a function of

. concentration,particle settling, etc. In ali cases, these relationshipsmust be supported by
experimental data.
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High-levelnumericalfluiddynamicmodelsare based on the fundamentalequationsthat
governfluidflow and associatedtransportphenomena. Empiricalcorrelationsare used only
when a particularprocesscannot be practicallydescribedwith a more fundamentalrelation-
ship. Every.attemptis mad_ to make suchcorrelationsuniversalso that they have validityover
a wide rangeof applications.As an example,the k-_ turbulencemodelusedby theTEMPEST
coderequiresa set of 7 empiricalconstants. Thisset of constantswas developedby the Imperial
College in London,U.K. duringthe early 1970s. Since the inclusionof the turbulencemodel into
the code, TEMPEST has appliedthisset of constantsfor ali turbulentflow computations.Veri- ..
ficationdata presented later in this sectionillustrateshow well these constantsapply.

Unfortunately, universal constitutiverelationshipsand empirical correlationsare not
available for ali situations. In Tank 241-SY-101, the physicalnature and behaviorof the solid
particlesare largelyunknownand probablyunique. Thus it may be necessaryto developnew
empiricalcorrelationsfor viscosityand solidsettlingdynamicsthat are specificto the material
in Tank 241-SY-101 but independentof scale. In the absenceof reliableand complete proto-

typedata, physicaltestingusing materialstimulantsbecomes importantto the developmentof
these relationshipsor the determinationof empiricalconstantsthat are neededby existing
constitutiverelationships. Once the numericalmodel is successfulin predictingthe physical
behaviorof scale modeltests, itcan be confidentlyusedto predictprototypebehavior.

3.1 The TEMPEST Computer Code

The TEMPEST fluid dynamics computercode(a) simulatesthe time-dependent,
3-dimensionalequationsof turbulentmomentum,heat and mass transport, lt uses a state-of-
the-art k-s turbulencemodel that has demonstratedexceptionalprecision in simulatingjet-
inducedflowandmixing.TEMPEST can accommodateupto 9 massspecies(liquids,gases,or
solids),and non-Newtonianpower law fluids.

TEMPEST is basedon a finite-volumeapproachto numericalfluidmechanicsandcan
accommodateCartesian,cylindrical,polar,or generalizedorthogonalcoordinatessystems.

3.1.1 TEMPEST T2 Equation Set

TEMPEST, VersionT2, implementsthe integralform of the fundamentalconservation
laws; (see nomenclaturein Table 3.1):

(a) This reportis a draft documentby D. S. Trent and L. L. Eyler. 1993. _TEMPEST- A
ComputerProoram for Three-Dimensional.Time-DeoendentComDutationalFluid
Dynamics: Theory_Manual. VersionT, Mod 3. PacificNorthwestLaboratory,Richland,
Washington.
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Table 3.1. Nomenclature

Vector quantities:
U - velocity
F - force

li

n = unit surface normal

. Ter,_sor quantities:
Xi = ith space coordinate, i = 1, 2, 3

Ui = velocity component,lth coordinatedirection

gt = gravitationalcomponent, lthcoordinate direction

_ij _ rate of straintensor

V==rlables"
t = time
A = area
V = volume
P = pressure
T = temperature
Q = heat
Ci = mass concentration,lthspecies

C_ = volumetricconcentration
= maximumsolidsvolumetricconcentration

C,vaR = solidspackingf__ctor

Vpi = particle settling velocity, i th species

v. p = terminal velocity of a settlingparticle
s = source term
k = turbulentkinetic energy
e = internal energy
h = enthalpy
Sk : turbulent kinetic energy source term

= turbulentkinetic energy dissipationsource term

Pk = tu_ulent kinetic energy production
C-_ = turbulent kinetic energy stratificationsink

. _ = non-Newtonianpower law coefficient
N = non-Newtonianpower law exponent

= turbulent kinetic energy dissipation
. p = density

I_ = moleculardynamicviscosity
= effectivedynamic viscosity
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go = base viscosityof supernatant
I_T - turbulentdynamic viscosity
I_x = mixture dynamic viscosity

I.I.N = non-Newtoniandynamicviscosity
tr

I: = shear stress

Constants:
a = constant,concentrationdependentviscosity
b = constant,concentrationdependentviscosity
d = constant,concentrationdependentviscosity

C_ = k-_ turbulence model constant

C,zl - k-_ turbulencemodel constant

C_ = k-_ turbulencemodel constant

C_ = k-_ turbulencemodel constant

ok = turbulentSchmidt number, turbulentkinetic energy
o¢ = turbulent Schmidt number, turbulentkinetic energy dissipation

Subscripts"
i = tensor index, ith coordinatedirection
j = tensor index, summationindex
h = thermal energy

= massspecies,Ci
T = turbulent
k = turbulent kinetic energy

= turbulent dissipation
s = settling
mix = mixture
v = volumetricbasis
N = non-Newtonian
vR = volume ratio

0=p : steadystate

• Conservationof mass

o-_pdV. = (3.1)
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• Conservationof momentum(Newton's;secondlaw)

aI I p_(__).A=8o-_ pedV + • 8-'T"+ se (3.2)
tiff rJ

lk

• Conservation of energy (1stlaw of thermodynamics)

- _IPdV + Ip(u._)dA = (,,. . (3.3)

• Conservationof turbulentkineticenergy, k

"I I-_ pkdV . pk(U.t=)dA := ,, (3.4)

• Conservationof turbulentkineticenergy dissipation,

±j'p_dv..fp_(u._)dA= ,, (3.S)8r

• Conservationof species, Ci (i = 1,9)

TEMPEST solves the above equationsfor a single-phasefluid having "bulk"or "mixture"
properties.

3.1.2 Constitutive Relationships

Material state equations, and other constitutiverelationshipsare as fo!:ows:

• Equationof state

p = [(e.r.Ci) (3.7)

• K-eTurbulence model

Turbulentviscosity, I.LT, is computedusing the Prandtl-Kolmogorovhypothesisas follows:
p

=

k _
gr = c_pT (3.8)
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Turbulentkineticenergy,k, and dissipation,e, are computedas follows:

Turbulent kinetic energy, k
,lr

°_ fIJLTakll p ,s. (3.9)
Sk = I', + G,

far;i+ arJj _f aui 1
e, = .,Laxj (3.10)

G, = g_ (3.11)

Dissipationof turbulent kinetic energy,

o_¢ 13.12)

S_ = CelP, + Cc3G,

3.1.3 Rheology Model

The rheologicalmodelconstructedforTEMPEST approximatesthe viscosityof non-
Newtonianfluids and slurrieswith the followingconsiderations:

1. The fluid may have a Ostwald-Dewaelepower law form (Birdet al 1960),

I_1= m_'n-1 (3.1 3)

where m is the power law coefficient, "_is the rate:of-straintensor, and n is the power
law exponent. The rate-of-straintensor is definedin terms of the second invariant,the
strain tensor, _,,as
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_/ =,_/_" (3.14)

where

=,

The strains, _ij, are definedby

aui
=taxi+-  J (3.1s)

2. Concentration of particulate material, Cvsi

i - 1,2,3... numberof solidspecies

3. Packingfactor ratioof solids,CvR

CvR is the ratio of solids volumetric packing to the maximum packing fraction,

_,Cvsi

i . 0_;CvR<!CvR = Cvsmax' (3.1 6)

where Cvsmaxis the maximumsolidsvolumefraction(in the absenceof gas)

3.1.4 Particle Settling Model

Two forms for the particle "hindered" settling velocity are provided in TEMPEST as user
options. The particle settling model used for the simulationsdiscussedin this report is givenby
Eq. (3.17a). A more realisthinderedsettlingmodel is givenby Eq. (3.17b). The two options
are as follows:

. Option 1. Conservativeestimate- high fall settlingvelocity

Vp =, V,p, 0 <: Cv < 0.8 Cv max

,. Vp = 5 V.p (1-Cv/Cv max ) Cv> 0.8 Cvmax (3.1 7a)
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Option 2. Perry and Green hinderedsettlingmodel (Perry and Green 1984)

Vp = V,p (I-CvR)n (3.17b)

where v= p is the particleterminalvelocityin clear liquid. The exponentn = 4.35. The ter-
minal settlingvelocity,set by input for the currentcomputationsand based on observation
using material "simulant"(Allemann and Hinkle, Draft Report 1991), is v= p = 10.4 flJsec. ,,

This value is low enoughthat for the safety computationsparticle settlinghas essentiallyno
impacton the pumptest simulationresultsbecauseof the short test duration. Option1 is called
a conservativemodel, because, for the same terminalvelocity, particleswill descendmore
rapidlyin a concentrationsgradientaccordingto Eq. (3.17a) than that prescribedby
Eq. (3.17b). TEMPEST predictsless efficientmixingusing Eq. (3.17a), because it is more
difficultto keep the particlessuspended(i.e., the particle fall out of the suspendingliquid
faster).

'3.2 Model Testing and Verification

Over the past 10 years or so,versions of theTEMPEST codehave beenusedto simulatea
wide variety of fluid dynamicand heat and mass transferproblems. Numerousverificationand
datacomparisonstudieshavebeenconducted.A portionof thisworkhas beendocumentedin
Trent and Eyler (1991)((=)),and otherstudieshave been documentedin varioussponsored
researchreportsand publishedpapers. A standardset of testsimulationsis maintainedto test
new and modifiedversionsof thecode as it evolveswith new and improvedcapability.

In this section,TEMPEST modelingfeaturesthat are relevantto propersimulationof
Tank 241-SY-101 jet mixingand tankcirculationare tested. Becauseof time and funding
constraints,this testing was limitedto nodingstudiesrequiredto obtainproper resolutionof
the jet mixingbehavior and materialconcentrationgradients. Previoustestinghas been
conductedto establishsolidsconcentrationdependentviscosityand is also illustrated.Com-
parisonswithscale model tests(Fortet al. 1992) are plannedbut have not been completedat
this time.

Ali computationalfluiddynamiccomputercodesrequirethat the modeledregionbe dis-
cretizedwith a grid systemor, alternatively,divided into a collectionof finite volumes,as is

(a) Trent, D. S., and L. L. Eyler. 1991. TEMPEST- A Computer Program for Three-
Dimensiona/ Time-Dependent Hydrothermal Ana/ysis, Volume 2, Assessment and
Verification Resu/ts. VersionN, Mod 33. PNWD-1536, Vol. 2 Rev. 1, Battelle,Pacific
Northwest Laboratories,Richland,Washington.
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the case with TEMPEST. In addition to proper mathematical description of the governing equa-
tionsandothercorrelationmodels,the accuracyof resultsdependson howwell the phenomena
can be resolvedon thegridsystemused.

. If we could solve the partial differentialequationsthat governthe fluid flow "exactly",we
wouldobtainwhat is called the "exact"solution,and thereforewe could determinethe flow
propertiesat any "point"in space and timefor the flowsystem. When we solve the finite

•. volume equationsnumerically,we determinethe flow propertiesat "discrete"pointsin space
and timeor in a space-timeaveragedsensefor the finitevolume. Thus,we are dealingwith an
approximationof the flow fieldthat is dependentto a large extenton howmanyof thesevolumes
or gridpointswe use to structurethe regionandthereforehowsmallthey are. Becausethe
values we computeare the average for thatvolume,the smallerthe volume,the closerthe
average is to the pointvalue. Therefore,the numericalsimulationof a fluid regioncan lead to
the use of manythousandsof finitevolumes,each of whichresultsin oneor more aigebraic
equations.

The propersize of the finitevolumesrequiredfor accurate resolutionis relatedto the
magnitudeof spatialgradientsthat exist in the flow field rather than to the relativephysical
size of the modeledregion. Thus, if the conditionsin Tank 241-SY-101 were fairly uniform,
onlya few hundredfinitevolumes,or gridpoints,wouldbe neededto accuratelydescribethe
physicalbehaviornumerically. However,we know that conditionsin the tank are reasonably
uniform only during the quiescent periodbefore an upset event. During the "roll-over"
period, the flow behavioris apparentlyvery chaoticand large gradientsin both space and time
are certain to exist.

In the case of jet mixing,very large gradientswill occur in the vicinityof the jet dis-
charge. This requiresthat the finitevolumes,or gridstructure,must have sizes on the same
order as the jet nozzlediameter. This is a requirementnot becausewe needto knowthe proper-
ties in the vicinityof jet dischargebut becausethe mixingdynamicsand circulationin the
overall tank will be incorrectif the jet dischargeis not properlymodeled. For instance, if the
grid structureis too coarse, the jet will be "numericallydiffused"during the computation,
overestimatingthe near-fieldentrainment,and thus dissipatingthe jet's kineticenergy at too
short a distancefrom the discharge. This representationwouldyield grosslyinaccuratemixing
and circulationpatternsin the overalltank. Such a situationis a kin to modelingthe jet witha
much largerdiameter and a much smallerdischargevelocity. Thus, if the near-fielddynamics
of the jet dischargeare not properlymodeled,erroneousresultswill be producedgivinga false
pictureof the jet mixing effectiveness.

The followingsectiondealingwithjet simulationsis intendedto give modelingguidanceto
TEMPEST users for settingup jet as well as to verifyand illustratedthe code'scapabilityfor
modelingjet mixing. Additionally,we wishto find a reasonablecompromisebetween simulation
accuracyand the minimumnumberof computationalcells required.

3.9



3.2.1 Momentum Jets

One conceptfor jet mixing is to use horizontaljets, dischargingat highvelocity (60 to
125 ft/sec) throughan orifice havingdiametersin the rangeof 1.5 to 3.0 in. As mentioned
previously,a grid size on the orderof the jet diameteris requiredto achieveacceptable
accuracy. Becausethe tank has a diameterof 75 ft and liquidmaterialdepthof some32 ft, an
enormousnumberof computationalcells willbe neededto modelthe tank in three-dimensions.
The jet dischargehas the smallestdimensionsbut the largestvelocitygradientsof any flow
feature in the tank. Thus, a grid sizecompromiseis soughtthat allowsadequateresolutionof
the jet discharge,yet doesnot requirea numberof computationalcellswhichmakes the
simulationcomputationallyimpracticalfrom the standpointof the required computer time.

The primaryconsiderationfor the numberof computationalcells needed in a jet simu-
lationis considerationof the "zone of flow establishment"and how accuratelythiszone mustbe
modeledto obtainaccuratedownstreamresults. Thisdoes not mean thatdetailsof the flowdis-

tributionmust be producedaccuratelyin the zone of flowestablishment, lt only meansthat this
initialregionmustbe modeledin a mannersuch that the downstreamestablishedflow regime
will be reproducedwith reasonableaccuracywhere the majorityof the entrainment,mixing,
and resultingtank circulationoccurs.

Figure 3.1 illustratesthe flow regimes in the near-fieldof a jet discharge. For a
momentumjet, the zone of flow establishmentextendsapproximately6.2 diametersdown-
stream. This is the zone (the distance)that is requiredfor the effectof shear forcesacting
betweenthe emanatingjet and the ambientfluidto reach the jet centerline. Downstreamfrom
this point, the jet flow transitionsto the zone of establishedflow, which is a self-similar
region, having characteristicGaussian-shapedvelocityprofiles.

In the zone of flow establishment,the centerlinevelocity, Vcl, will vary only slightlyfrom

the dischargevelocity. In the zone of establishedflow,the centerlinevelocitydecreases
inverselyproportionalto the downstreamdistance,z.

As illustratedin Figure 3.2, experimentaldata for momentumjet centerlinevelocity
correlated by

V" = 1 Z" < 6.2 (zone of flow establishment) (3.1 8)

V" = 6.2/Z" Z" > 6.2 (zone of establishedflow) (3.1 9) .
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Figure 3.2. Centerline Velocity of a Momentum Jet
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where Z*= z/Do

R'= r/Do
V* = V_Vo

Do = jet orifice diameter

Vo = jet dischargevelocity

r = jet radial coordinate
z = jet axial coordinate

The lateral distributionof downstreamvelocityhas a Gaussianprofile,given by

V(r,z) = Vcl(z)e-Kl[/z)'` ' (3.20)

where the experimentallydetermined entrainmentcoefficient,K = 77 (Abraham 1963).

Several test caseswere executedto determinethe minimumacceptablegrid structurefor
the potentialcore. Two-dimensionalcylindricalcoordinateswere usedto model a 10° segment
of symmetryof the roundjet. The TEMPEST k-s turbulencemodelwas usedwiththe standard
set of constants. These case are summarizedin Table3.2 and thegrid structuresare illustrated
in Figure 3.3.

Table3.2. MomentumJet TestCase Summary

Case A _5 radial cells_ (;ase B (3 radial cells_ Case C fl radial cell_

(total cells = 55 x 40) (total cells = 23 x 27) (total cells = 30 x 27)
A.9 9 axial cells B.1 1 axial cell C.1 1 axial cell

B.2 2 axial cells C.2 2 axial cells
B.6 6 axial cells C.4 4 axial cells

C.6 6 axial cells

As given in Table 3.2 and illustratedin Figure3.3, the number of "radial"cells is the
number usedto model the radiusof the jet orifice, and the numberof axial cells is the number
usedto modelthe length of the "zonefor flow establishment"(the potentialcore).

Case A
r

Case A.9 uses five computationalcells to model the core in the radialdirectionand nine in
the axial direction. The total number of cells used in the simulationwas 55 x 40 - 2200. This
is a "fine"node case which is expected to give good results. Figure3.4 illustratesthe center-
line profileof downstreamvelocitycomparedto the data correlation,Eq. (3.18) and (3.19). As
shown in Figure3.4, the results are in excellentagreementwiththe data correlation,and it
appearsthat this node structuregives resultsas accurateas required.
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Figure3.3. Jet Core ComputationalCell Structure

Figure3.5 illustrates the Gaussianshapedlateral profilesof the jet's axial velocity,
V(r,z), at severaldownstream locations,as predictedby TEMPEST.

Figures3.6 through 3.9 _re color representationsof a fully developedjet flow fieldcom-
puted by TEMPESTand includedfor qualitative illustration. Figure3.6 illustrates the magni-
tude of downstreamvelocity wherered depicts highvelocity anddark blue is axialvelocitynear
zero. The white lineis a contourof velocity that is near zero andthusdefinesthe nominalouter
edgeof the jet The zoneof flowestablishmentisshownat anexpandedscaleinFigure3.7. The
jet dischargeorificeis at the bottom of the figureand the white contourlineagaindefinesthe
edge of the jet influence. Where the white contour=necks"is where the zone of flow establish-
meritends.

Figures3.8 and 3.9 illustrate the magnitudeof lateral velocity, which is the agent for
• entrainingmaterial into the jet stream. In Figure3.8, blue indicatesa negative flow, or _iquid

beingentrainedinto the jet stream. The darkerthe blue, the higherthe entrain_rlentvelocity.
Redindicatespositivelateral velocity, or liquidflow away from the jet centedine, and green

• indicatesregionsof very low flow. Thus, the very center of the jet isgreen (not seen nearthe
jet dischargebecauseof graphicsresolution). As the jet flow movedownstream,the jet flow
fieldspreadsandthe centerlinevelocity decreasesbecauseof entrainment. Thisalsomeansthat
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Figure 3.4. MomentumJet Test: Case A.9

the originaljet liquid is flowingaway from the centerline. At some point in the radial direc-
tion, this positivevelocitybecomeszero. At radial distancesbeyondthispoint, liquid is being
entrained intothe jet and the flow is in the negativeradialdirection. The white contourline
defines this"stagnation"line and illustratesthe boundaryof liquidthat has emanated from the
jet. Figure 3.9 illustrateslateral velocitiesin the zone of flow establishment,where again the
white contouris the lateral velocitystagnationline. In this graphic,only two colors at._ used:
red indicatespositiveflow andblue indicatesnegativeflow. Where the contourchanges_'lopeis
wherethe flowestablishmentzone endsandtheestablishedflowzone begins.

Case B

As mentionedabove,TEMPEST producesan excellentresolutionof a momentumjet witha
fine grid system. Unfortunately,using a grid with this highdegree of resolutionfor practical
applicationin tank simulationswouldlead to an enormousnumberof computationalce_lsand a

di

severe computationaltime-steplimitation. To reduce the computertime requirements,a
smallernumberof computationalcells were used. Therefore,the test simulationsof Case B
were conductedto investigatereducingthe numberof radial computationalcells in the radial
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Figure 3.5. Momentum Jet Axial VelocityDistributions(Case A.9)

directionfrom 5 to 3. These resultsare illustratedin Figure3.1Oa, 3.10b and 3.10c. These
figurereveal that accuracyis severely,compromisedin the downstreamregionunlessabout
6 cells are used in the axial direction(Figure 3.10a, Case B.6). Usingonly two axial cells
(Figure3.10b, Case B.2) or one axial cell (Figure 3.10c, Case B.1) give unacceptableresults.

Case C

The simulationtestingentitledCase C investigatesan even coarserrepresentationof the
zone of flow establishment. Four testswere conductedwith one radial cell for the jet orificeand
one, two, four and six axial cells in the zone of flowestablishment(refer to Table 3.2 and Fig-
ure 3.3). In this, case acceptableresultswere obtainedin the downstream"fullydeveloped
flow"regionfor ali four tests. In each test, the computedcenterlinevelocityis underestimated
in the transitionregion. However, in the region 20 to 200 diametersdownstream,the com-
puted resultsare acceptableas is shownin Figure3.11(a, b, c, andd).

¥
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Figure 3.6. Downstream Velocity Red = High Velocity, Blue = Low Velocity, and White = Zero
Velocity
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" Fqgure 3 7 Downstream Velocity (Expanded Scale) Red ---High Velocity. Blue -: Low Velocity,
and Whde = Zero Velocity
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Figure 3.8. Magnitude of Lateral Velocity Showing" Red = High Positive Velocity, Blue = High
Negative Velocity,and Green = Very Low Flow
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Figure 3.9. Magnitude of Lateral Velocity Showing: Red = Positive Flow and Blue -- Negative
Flow
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Figure 3.11. CaseC; ComputedMomentumJetCenterlineVelocityUsingoneRadialCellinthe
ZoneofFlowEstablishment

Theseresultsindicate,however,thatincreasingthenumberof axialcellsinthezoneof
flowestablishmentdoesnotimprovethe accuracy,butinfact,diminishestheaccuracysome-
what. ThistrendisobservedincomparingFigures3.11(aand b) withFigures3.11(candd).
Withoutfurtherinvestigation,it isfeltthatthebestresultswillbe obtainedwhenthegrid °
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resolutionis consistentalong each space coordinate. Thisobservationindicatesthat it is pos-
sibleto modelthe jet zone of flowestablishmentwith one radialcell and one axial cell and
expectto obtainacceptablyaccurate results.

• 3.2.2 Momentum Jet Using the Tank Coordinate System

The previous jet flow verification studies indicated that accurate results can be obtained
- using one radial cell in the jet core. This verification was done using cylindrical coordinates

conformingto roundjet geometry. This next step in the verificationprocessteststhe codes
capacityto produceaccuratejet flowresultsusing a coordinatesystemthat conformsto the tank
geometry rather than to the jet geometry. A three-dimensionalmodel (r-O-z)is used where
the z is vertical.

Figure3.12 illustratesthe grid systemused by TEMPEST for computationsinvolvingtwo
horizontaljets. Becausethe two jetsdischargeas a mirrorimageof each other, the systemcan
be modeledwith a 90° sectionof symmetry. Note that the modelsjet cross-sectionis 1/2 of the
actualjet crosssectionand mustbe approximatedas a segmentof verticalcylinderhavingthe

I

0

jet centerlineplane _ _ r

I
Plan View

• pump

Ujet Ujet

Figure 3.12. Plan View of ComputationalGrid System (r-e plane)
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area of Ai = r0AOAZ,where ro is the radiusfrom the pumpcenterlineto the jet nozzle, AOis the
grid azimuthalangle, and z_. is the gridverticalincrementat the jet nozzle.

Therefore, the grid angle, AO,and the vertical Increment,&Z, mustbe adjustedsuchthat

roA_Z = (_rr2)/2

In thiscase, the jet "zoneof flow establishment"has thecoarse nodingcomparableto that of test "
Case C.1 above(1 cell wide and 1 cell in thedirectionof flow). Even withthe use of thiscoarse noding
to model the jet discharge,over 14,000 computationalcells are requiredfor simulationof the tank
(27 x 35 x 15, includingboundary cells).

Figure 3.13 illustratesthe centerlinevelocity distributionfor this test compared the empirical
correlationfor a roundjet havingan equivalentdischargearea. As can be observed,the velocityis
somewhatunder-predictedat distances4 to 20 diametersdownstream(1 to 5 ft), but otherwisethe
predictionis quite accurate. Thus, in spiteof the roughapproximationsrequired to model the jet in the
tank geometry,we obtainresultsthat are quite accurate.

10"

Jet Centerline Velocity : Vct= v(0,z) Z* = z / DO

k. • Turbulence Model V* /VC] V0

Re= 10$

"1i l ll_

0 O e

V* O TEMPEST Prediction

, Empirical Correlation: r

.1 V*= 1, Z _ <6.2 [V* 6.2/Z* Z* ' "
= , > 6.2 NOMINALEDGE

.01 "
• I I 0 1O0 1000 '
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Figure3.13. ComputedMomentumJet CenterlineVelocityUsingTank Coordinates
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4.0 TEMPEST Jet Mixing Simulations

TEMPEST simulations of jet mixing were performed for jets configured in both vertical
• and horizontal orientations in the Tank 241-SY-101 geome!;y. In these initialstudies, the

TEMPEST modelsdidnotincludethe effectsof thegason the predictedflowphysics. A report to
be publishedat a laterdate willaddressTEMPEST simulationsthat will includetheeffectsof
trappedgases on jet mixingeffectiveness. In each of the followingsections,onlya brief discus-
sionof the modelingresultsis provided. A few representativecases are discussedin more
detail.

4.1 Vertical Jets

The applicability of the TEMPEST computercode for use in modelingjet mixingin
Tank 241-SY-101 was demonstratedfor a downward verticaljet orientation(Figure 4.1) over
a rangeof jet operatingconditionsandgeometries.Two-dimensionalTEMPEST modelswere
developed to simulatethe mixing process in Tank 241-SY-101 for differentjet flow rates,
nozzle diameters,dischargelocations,intakelocations,andcomputationgridsizes. A summary
of the 14 cases investigatedare providedinTable 4.1. The objectiveof thisset of caseswas to
demonstrateand evaluatethe possibleuse of centrallylocatedverticaljets as well as the effec-
tivenessof computermodelingof jet mixingand to gain an understandingof the jet forces
required to levitate particles that form the non-convectingslurry in the tank. A brief descrip-
tionof the cases investigatedis provided,alongwith a more detailedpresentationof a few repre-
sentativecases.

v

i

i i

• |i
Figure 4.1. Vertical Jet and DraftTube Arrangement
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4.1.1 Case #1: Vert. 1

Case #1: Vert. 1 representsthe initialmodel developedto studyvertical jet mixingin
Tank 241.SY-101. This case modeled a 3-ft diametercentrallylocatedjet with a nozzle exit
located9 ft from the tank bottomwith a jet nozzlevelocityof 30 ft/sec. The fluidwas o
recirculatedvia an intakelocated8 ft underthe top of the convectinglayer. The tank was
assumedto be uniformlymixed (post-burp)at the beginningof the computersimulation. The
purposeof thiscase was to investigatewhetherthe jet forcesin thisconfigurationwouldbe
sufficientto maintainthe suspensionof the particlesthroughoutthe tank after a GRE has fully
mixedthe tank. The simulationwas carriedout 600 sec in time.

At the timethis firstcase was completed,little was knownabout the propertiesof the
particles that formedthe non-convectingslurryin the tank. Therefore, it was necessary to
assume values for the particle density (143 Ibm/ft3), the unhinderedparticle settling velocity
(0.01 ft/sec), the volumetric concentration(Cv) of particles in the tank (0.12) and the con-

vecting fluid viscosity(0.016 Ibm/ft sec). A detailed TEMPEST computationalgrid structure
with 75 0.5-ft cells in the radial directionand 60 0.5-ft cells in the vertical direction modeled
a 1/2 symmetry 2-d sectionof the tank (Figure 4.2).

TEMPEST contoursof Cv are presentedfor 15, 60, 120, 240, 480, 600, and 900 sec in
Figures4.3 to 4.9. Correspondingvelocityvectorplots are providedin Figures4.10 to 4.16.

In Figure4.3, the contoursof Cv after 15 sec of simulationtimeshow that the tankwas

still uniformlymixed. The velocityvectors at 15 sec (Figure 4.10) indicate that the jet
entrainsfluidnear the tankcenterand proceedsto sweepalongthe tankbottom to thewall
before beingdirectedupward. This is expected,as the fluidthat makes up the jet is at
approximatelythe same densityas the fluid in the bottom of the tank, resultingin negligible
buoyancyeffects.

As the simulationprogressesto 60 sec, the particlesbegan to settleslowly,as seen in
Figure 4.4; however, in general the tank is stillwell mixed at this time. The velocitydistri-
butionhas changed somewhat,with the recirculationregionmovingupward(Figure 4.11).

At 120 sec of simulationtime, the effect of the flow fieldon Cv (Figure 4.5) becomes
more pronounced. A ridgeof slightlyhigherconcentrationmaterialhas formedalong the outer
wall. lt appears that the flow field has reached a quasi steady-state(Figure 4.12) as very little
changesin the flowpatternfromthe 60 to 120 sec can be seen. "

Confirmationthat the velocityfield has reachedan quasi steady-stateis displayedin the
. Figures 4.13 (240 sec), 4.14 (480 sec), 4.15 (600 sec), and 4.16 (900 sec). Even though
the velocityvector field approachesa steady-stateafter 60 sec, the contoursof Cv are still
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changing,as seen in Figures4.6 (240 sec), 4.7 (480 sec), 4.8 (600 sec), and 4.9 (900 sec).
After900 sec, the peak value of Cvhas increasedfrom the initialuniformvalue of 0.12 to

slightlyover 0.18. lt is not possibleto extrapolatefrom the TEMPEST resultsat 900 sec to the
eventual steady-statedistributionof Cv. The simulationwouldhave to continuedin time until

the distributionof Cv is stationary. ,

Computer simulationof the Initiallyfully mixed tank has shownthat a 30 fps verticaljet
with the assumed material propertiesand constitutiverelationshipscannot maintain a fully "
mixedcondition.

4.1.2 Cases #2.4: Vert. 2- Vert. 4

Cases #2-4: Vert. 2 - Vert. 4 used the same geometryand slurryparametersas the first
case but with differentinitialconditions. The tank was initializedwith mixed pre-GRE condi-
tions. A 15-ft layer of convectingliquidover a 15-ft layer of non-convecttngslurrywas
chosenfor the initialsolidsdistributionconditionof the tank. The Cv of the slurrywas

initializedat 0.24 and the convectinglayer was assumedto be clear of particles(Cv=0.0).

In the Vert. 2 simulation,the tank contentswere mixedto a uniformconcentrationfrom
the tank bottomup to the jet intakelocated8 ft from the topof the convectinglayer after
360 sec of jet mixing.

The computer time requirementsfor this simulationwere suchthat an effortto increase
the timestep inthe modelwas undertakenin Vert. 3. To accomplishthis,a modelwas developed
that did not recirculatefluid from the top of the tank into the jet. Instead,clear liquidwas pro-
vided from an infinitesourceat 30 fps at the jet nozzle, and fluidfrom the tankwas allowedto
exit the tankat the topof the model. Thiscase was carriedout 180 sec. The resultsat thattime
indicatedless mixingthroughoutthe tankthan was desired. To increasethe mixingin the tank,
Vert. 4 was carriedout with the 9-ft jet exit raised to 25 ft from the tank bottom. The tank
contentswere mixed; however, at some time in the simulation,particlesfrom the slurry
reachedthe upperportionof the tank and began exitingthe system,resultingin a particle mass
lossof 68% of the initialamountafter600 sec. Hence it was determinedthat a closedsystem
was required,even at the expenseof computertime.

4.1.3 Case #5: Vert. 5

Case #5: The objective of the Vert. 5 studyis to determinethe impactof jet intakeand jet
exit vertical locationson the mixingeffectiveness. Masswas conservedfor thiscase usinga
recirculationmodel with a pumpintake placed2 ft from the top of the convectinglayer. The jet
exit was located25 ft from the tank bottomand the jet nozzlevelocitywas 30 fps. The initial
conditionsagain assumeda 15-ft layer of convectingliquidover a 15-ft layer of non-
convectingslurry. Contoursof Cv are presentedin Figures4.17 to 4.23 whichrepresentthe
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state of the tank at 15, 60, 120, 240, 480, 600, and 780 sec. In thiscase, the jet scoured
only the regiondirectlybelow the jet (Figure 4.17). As the simulationproceededin time, the
slurryregionwas eroded away by the jet forcesalong the bottomof the tank. By 780 sec (Fig-
ure 4.23), the majorityof the tank was below Cv = 0.15, with Cv=0.12 being the fully mixed

state. The velocityvectorsare displayedfor the same timepointsin Figures4.24 to 4.30. The
scouringof the slurryregioncan best be seen in Figure4.28 (480 sec) where the flow field is
shownhittingthe edge of the slurry at approximately24 ft from the tank center at which time
the flow is redirectedup and radiallyinward. By 600 sec (Figure 4.29), the flow field had
become fairlysteady and the tank approacheda uniformmixture.

An importantfindingfrom this simulationis that the jet exit and intakelocationshave a
substantialeffect on the abilityof the vertical jet to mix the tank. In thisconfiguration
(Zj=30 ft, Zd=25 ft), the jet mixing was such that the resultant mixture is fairly uniform,

whereas, when the jet exit and intakewere lower (Zi=24 ft, Zd=9 ft case Vert. 1), the jet was
unable to maintaina uniformmixture.

4.1.4 Cases #6 and 7: Vert. 6 and Vert. 7

Cases #6 and 7: Anothereffort to reducethe computationtime requirementsof the runs
was initiatedvia a grid study,Vert. 6 and Vert. 7 to determinethe minimumcomputationalgrid
resolutionthat couldbe employedwhile maintainingacceptableaccuracyin the predictions. The
resultsfromVert. 5 at 30 sec were usedas the maximumgridsizecase and twonew caseswere
investigatedwithdecreasedgridsizes. Vert. 6 consistedof the samegeometryandoperating
conditionsas Vert. 5 with a grid reducedfrom 75 x 60 computationcells to 43 x 31 ceils. This
resultsin a saving !n computationalrequirementsof 70%. The grid size was reduced furtherto
36 x 22 cells in case Vert. 7, whichreducesthe computationalrequirementsto 18% of the 75 x
60 case. A comparisonof the resultsfor each case at 30 sec are providedin Figures4.31 (75 x
60), 4.32 (43 x 31), and 4.33 (36 x 22). A comparisonof Cv contoursfor the three cases

indicatesthat the 43 x 31 grid model comparesreasonablywell with the 75 x 60 grid model.
The contoursof Cv predictedon the coarsest grid (36 x 22) have significantdifferences,indi-

catinga lossof accuracyin the predictions.

The 43 x 31 gridwas selectedas the mosteconomicalwithacceptableaccuracyfor the
vertical jet cases.
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4,1.5 Cases #8-10: Vert. 8 - Vert. 10

The next threecaseswere designedto investigatedifferentjet nozzlesizesand velocities
in an attempt to search for a lower more realisticflow rate while still providingsufficient

. mixingin the tank. The resultsfromthe Vert. 5 simulationindicatedthat the tankcould be
mixed fairly uniformlywith a jet configurationdefined by a 30-ft/sec discharge, a 3.0-ft
diameterjet, with the jet intake 30 ft from the tank bottom,and the jet exit 25 ft from tank

,_ bottom. This correspondsto employinga pumpcapable of providingQ = (r,J4)* d2Vjet =

(_/4)'9.0"30) = 212 ft3/sec, or 95,152 gal/min. This large flow rate was used as a starting
point basedon early modelingeffortswhen littlewas knownabout the materialproperties.
Case Vert. 8 was similarto Vert. 5 withthe exceptionof the nozzlevelocity,whichwas lowered
from30 fps to 10 fps. The jet was unableto penetratethe slurrymore than a few feet under
the jet. The jet exit was then loweredfrom 25 ft to 15 ft above the tank bottom for case Vert. 9.
TEMPEST predictionsfrom thiscase reflecteda slightincreaseof the depthof penetrationinto
the slurry,with the mixing remaininginsufficient. Lastly, for case Vert. 10, the velocitywas
raisedback to 30 fps, the jet exit was relocatedback to 25 ft from the tankbottom,and the jet
diameterwas reducedfrom 3.0 to 1.5 ft. In thiscase, the jet was able to penetrateto withina
few feet of the tank bottomafter 480 sec. There was stilla layerof highconcentrationslurrya
few feet in depthali along the tankbottom.

Based on the Vert. 8 - Vert. 10 studies,it is concludedthatdecreasingthe jet flowrateby
3 to 4 times,whether it be throughloweringthe dischargevelocityor via a reducedjet diam-
eter, resultsin poor mixingof the settled tank contents.

4.1.6 Case #11: Vert. 11

The objectiveof this case was to investigatethe performanceof a verticaldraft tube con-
figurationsuggestedin Babad et al. (1992) and illustratedin Figure4.34. In this case, it was
postulatedthat the entrainmentinto the vertical draft tube mightenhancecirculationin the
tank resultingin increasedmixingof the slurry regioncompared to the plainvertical jet. The
1-ft diameter jet ended 5 ft from the top of the convectinglayer with a 2-ft diameter draft tube
beginning1-ft furtherdown (6 ft from the top of the convectinglayer) and ending 8 ft from the
bottomof the tank. Thiscase was simulatedfor 24_)sec of mixing. Insteadof increasingthe
recirculationthroughoutthe tank, this model predictedminimalmixingof the slurryregion. A
recirculationpattern was establishednear the tank centerwhichhad notexpandedoutwardafter
240 sec. Otherdraft tube configurationsmay have been moreeffective,but basedon these
resultsthe verticaldraft tube was not investigatedfurther.
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Figure4.34. Vertical DraftTube Arrangement

4.1.7 Case #12: Vert. 12

At this point in our investigation,more informationon densities and slurry Cv became

available (Bryan et al. 1991). The new particle density information used in ali the following
cases was 115. Ibm/ft3,and the convecting liquid density was changed to 90.5 Ibm/ft3. The

initial slurry Cv was therefore changed to 0.54. The 41 x 33 numerical grid was employed to

investigate the same basic geometry as Vert. 5 with the exception that the jet diameter was
reduced from 3 to 1 ft. This case was run out only 60 sec. Figures 4.35 to 4.37 present Cv
contours for 5, 15, and 60 sec. The jet initially penetrated the slurry region to reach the tank
bottom (Figure 4.35); however, as the contours from 15 and 60 sec indicate, the jet exit height
appeared to be located too high for this configuration. This conclusion is supported by the
velocity vector results displayed in Figures 4.38 to 4.40 for the same times.

4.1.8 Cases #13 and 14: Vert. 13 and Vert. 14

Cases #13 and 14: These last two vertical jet cases, Vert. 13 and Vert. 14 were exten-

sions of Vert. 12. Case Vert. 13 investigated the effect of lowering the jet exit from 25 to 15 ft
from the bottom of the tank for the 1-ft diameter jet configuration. Little improvement in the
mixing resulted from this change; therefore, the jet was lowered further to 2 ft from the bot-
tom of the tank. This change had a significant effect on the mixing as is shown in the Cv contours

presented in Figures 4.41 to 4.47 (5, 60, 120, 240, 360, 480, and 600 sec). By locating the
jet exit close to the bottom of the tank, the jet flow encounters the bottom and is redirected out
radially with a minimum of fluid entrained during its downward phase. This lack of entrain-
ment inhibits any vertical recirculation pattern from being established near the tank center
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and allowsthe jet to have significantmomentumas it is turnedand proceedsin the radial
direction. In reality, it is possiblethat the jet wouldrise upwarddue to buoyancyforces (the
fluid in the jet havinga notablylowerdensity). However, in usinga 2-dimensionalmodel
(assuminga plane jet), the jet must remainattachedto the floor as no materialis availableto
replacethe space that wouldbe vacated as the jet movedupward. Thiswillbe true if the jet
momentumis highenoughto dominatethebuoyancyforcesas the jet movesoutwardalongthe
tank bottomto the wall. The same time sequences(5, 60, 120, 240, 360, 480, and 600 sec)
are presented in Figures4.48 to 4.54 for the velocityvectors. ..,

TEMPEST studiesof jet mixingusinga downwardverticaljet have shownthat with a suf-
ficient volumetricflow rate the slurryregioncan be mobilizedand mixedwith the convecting
layer located directlyabove. The problemwith thisapproachis that extremelyhighjet flow
rates are requiredto achievethe desiredmixing. As an example,Case Vert. 5, in which
TEMPEST predicteda fully mixedtank, was simulatedusing a 3.0-ft dia jet with a 30-fps
nozzlevelocity. This equatesto a flow rate of 95,152 gal/min. The effectivenessof using
horizontaljets with dischargeson the order of 5,800 gal/min is discussedin the following
section.

4.2 Horizontal (Radial) J6ts

The cases investigatedare presented inTable 4.2 at the end of Section4.0. Two geometries
were modeledusing3-d TEMPEST models. Three simulationsof a 90° sectorof the tank (Fig-
ure 3.12) were carried out with two opposed fixed horizontal2.6-in. diameter jets with nozzle
velocitiesof 15, 45, and 87 ft/sec, along witha simulationof a 180° sectorof the tank that
incorporateda schemeof jet pulsingand incrementalrotationof the jet to sweepalongthe tank
bottom.

4.2.1 Horiz. 1, Horiz. 2, and Horiz. 3

The objectiveof these first three simulationswas to study the effectivenessof horizontal
jets in mobilizingthe slurry region. Three jet dischargevelocitieswere investigated.

Contoursof particleconcentrationat 15 sec into jet operationare presentedin Fig-
ures 4.55 to 4.57 for 15 ft/sec, 45 ft/sec, and 87 ft/sec. The contoursare providedat the
vertical plane throughthe jet centerline. While the 15 ft/sec jet in Horiz. 1 (Figure 4.55) has
little impact at 15 sec, the 45 ft/sec jet in Horiz. 2 (Figure 4.56) has influence radiallyout-
ward past the midpointof the tank. In Horiz.3, (Figure4.57), the 87 ft/sec jet has reachedon
the interfacebetweenthe slurry and the convectinglayerand impingedon the tankouter wall.

,s,

The three cases are displayedin Figure4.58 to 4.60 after 240 sec of jet operation. For
that simulatedtime, it is observed that the 15 ft/sec jet in Horiz. 1 (Figure 4.58) has a
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significantbank of high concentrationslurryyet to be fluidized. The 45 ft/secjet in Horiz. 2
has fluidizedthe slurry in front of the jet somewhat(Figure 4.59); however,mobilizationof
the particles in the slurry appears to be very slow. Horiz. 3, the 87-ft/secjet, has fluidized
much of the slurry region, but circulationof the slurrymaterial remains slow.

_r

From these first three cases, it is concluded that fluidization of the fluid slurry with 15-
to 87-ft/sec horizontaljets througha 2.6-in. diameternozzledoes not appear to be feasible.
This approach may be used if mobilizationis acceptable;however,the impactthe horizontaljets ,,
is limitedto a small area in front of the dischargelocation. For this reason,another simulation
(horiz. 4) was carried out for a 180° sectorwith the jets rotatingabout the verticalaxis in an
effort to influenceali areas of the tank.

4.2.2 Horiz. 4

Leaving the opposed jets in a single locationis notthe mosteffectiveapproachfor
mobilizingor fluidizingthe slurry region in the tank. Horiz.4 was designedto investigatethe
impact of incremental rotationof the jet, therebyprovidinga better coverageof the entire tank.
In this study,the jet was operatedfor a 90 sec pulseat one station,followedby a 180-sec
periodwith no jet operation. After this 270 sec cycle, the jet was operated at the next
azimuthalstation. Stationswere locatedevery30° for a total of 6 positions. The durationof
this simulationwas, therefore,6 x 270 = 1620 sec.

TEMPEST velocityvectors and particleconcentrationcontoursare providedfor a 180°
sector model of Tank 241-SY-I01 in Figures4.61 to 4.156. As there are numerousfigures
from this simulation,a figure summary is providedin Table 4.3. Temporal informationis
providedfor four times in each jet operationcycle. Informationis providedonce near the start
of each 90-set jet pulse, nextnear the endof eachjet pulse,again near the startof the no-
pulseperiod,and finally,at near the end of the no-pulseperiod. This logic is followedfor each
of the 6 pulsecycles. For each time "snapshot,"views are presentedfor vertical and hori-
zontalplanes inthe tank. The verticalplanepassesthroughthe centerof the jet nozzle,and the
horizontalplane is providedat the vertical elevationof the jet nozzle. Velocityvectorsand
particle concentrationcontoursare providedfor each view.

Using jet rotationis a more effectivemethodof suspendingthe settlingslurry throughout
the tank. lt is observedthat significantconvectionpatterns exist 180 sec after jet pumpinghas
been terminated. However, it is also observedthat after 6 cycles of jet operationthe concen-
tration of particles in the slurry region is still within92% of the initialvalue at the jet nozzle
vertical level (Figure 4.156).
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Table 4.3. Horiz.4 Figure Index

Time (sec_ Jet anale _(D_ _ _ Ipformation

4.61 10 0 ° on Vertical VelocityVectors
4.62 1 0 0 o on Vertical Particle Concentration
4.63 1 0 0 o on Horizontal VelocityVectors
4.64 1 0 0 o on Horizontal Particle Concentration
4.65 8 0 0 o on Vertical VelocityVectors
4.66 8 0 0 o on Vertical Particle Concentration
4.67 8 0 0 o on Horizontal VelocityVectors
4.68 8 0 0 ° on Horizontal Particle Concentration
4.69 100 0 o off Vertical VelocityVectors
4.70 1 00 0 ° off Vertical Particle Concentration
4.71 100 0 ° off Horizontal VelocityVectors
4.72 100 0 ° off Horizontal Particle Concentration
4.73 260 0 ° off Vertical VelocityVectors
4.74 260 0 ° off V_rtical Particle ConcentratioP
4.75 260 0 o off Horizontal VelocityVectors
4.76 260 0 ° off Horizontal Particle Concentration
4.77 280 30 ° on Vertical VelocityVectors
4.78 280 30 ° on Vertical Particle Concentration
4.79 280 30 ° on Horizontal VelocityVectors
4.80 280 30 ° on Horizontal Particle Concentration
4.81 350 30 o on Vertlcal VelocityVectors
4.82 350 30 ° on Vertic,_! Particle Concentration
4.83 350 30 ° on Horizontal VelocityVectors
4.84 350 30 ° on Horizontal Particle Concentration
4.85 380 30 ° off Vertical VelocityVectors
4.86 380 30 ° off Vertical Particle Concentration
4.87 380 30 o off Horizontal VelocityVectors
4.88 380 30 ° off Horizontal Particle Concentration
4.89 540 30 ° off Vertical VelocityVectors
4.90 540 30 ° off Vertical Particle Concentration
4.91 540 30 ° off Horizontal VelocityVectors
4.92 540 30 ° off Horizontal Particle Concentration
4.93 550 60 ° on Vertical VelocityVectors
4.94 550 60 ° on Vertical Particle Concentration
4.95 550 60 ° on Horizontal VelocityVectors
4.96 550 60 ° on Horizontal Particle Concentration
4.97 620 60 o on Vertical VelocityVectors
4.98 620 60 ° on Vertical Particle Concentration
4.99 620 60 ° on Horizontal VelocityVectors

4.166



Table 4.3. (contd)

I.Jl]__(.=_ Jet anole _2)_ ,_t.t,°Lt_,_ View Information

4.1 O0 620 60 ° on Horizontal Particle Concentration
c 4.1 O0 6 20 60 ° on Horizontal Particle Concentration

4.101 640 60 ° off Vertical Velocity Vectors

_, 4.102 640 60 ° off Vertical Particle Concentration
4.103 640 60 ° off Horizontal VelocityVectors
4.104 640 60 ° off Horizontal Particle Concentration
4.105 800 60 ° off Vertical Velocity Vectors
4.106 800 60 ° off Vertical Particle Concentration
4.107 800 60 ° off Horizontal VelocityVectors
4.108 800 60 ° off Horizontal Particle Concentration
4.109 8 20 90 ° on Vertical Velocity Vectors
4.110 8 20 90 o on Vertical Particle Concentration
4.111 8 20 90 ° on Horizontal VelocityVectors
4.112 8 20 90 ° on Horizontal Particle Concentration
4.113 8 90 90 ° on Vertical VelocityVectors
4.114 890 90 o on Vertical Particle Concentration
4.115 890 90 ° on Horizontal VelocityVectors
4.116 8 90 90 ° on Horizontal Particle Concentration
4.117 920 90 ° off Vertical VelocityVectors
4.118 9 20 90 ° off Vertical Particle Concentration
4.119 9 20 90 o off Horizontal VelocityVectors
4.120 920 90 ° off Horizontal Particle Concentration
4.121 1080 90 ° off Vertical VelocityVectors
4.122 1080 90 ° off Vertical Particle Concentration
4.123 1080 90 ° off Horizontal VelocityVectors
4.124 1080 90 ° off Horizontal Particle Concentration
4.125 1090 120 ° on Vertical VelocityVectors
4.126 1090 120 ° on Vertical Particle Concentration
4.127 1090 120 ° on Horizontal VelocityVectors
4.128 t 090 120 ° on Horizontal Particle Concentration
4.129 11 60 120 ° on Vertical VelocityVectors
4.130 11 60 120 ° on Vertical Particle Concentration
4.131 11 60 120" on Horizontal VelocityVectors

4.132 11 60 120 ° on Horizontal Particle Concentration
4.133 11 80 120 ° off Vertical VelocityVectors
4.134 11 80 120 ° off Vertical Particle Concentration
4.135 11 80 120 ° off Horizontal VelocityVectors
4.136 11 80 120 ° off Horizontal Particle Concentration
4.137 1340 120 ° off Vertical VelocityVectors
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Table 4.3. (contd)

_ Jet anole _®_ _ View Information

4.138 1340 120 ° off Vertical Particle Concentration
4.139 1340 120 ° off Horizontal Velocity Vectors 'li
4.140 1340 120 ° off Horizontal Particle Concentration
4.141 1360 150 ° on Vertical VelocityVectors
4.142 1360 150 ° on Vertical Particle Concentration
4.143 1360 150 ° on Horizontal VelocityVectors
4.144 1360 15 Oo on Horizontal Particle Concentration
4.145 1430 150 ° on Vertical VelocityVectors
4.146 1430 150 o on Vertical Particle Concentration
4.147 1430 150 ° on Horizontal VelocityVectors
4.148 14 30 150 o on Horizontal Particle Concentration
4.149 14 60 150 ° off Vertical Velocity Vectors
4.150 14 60 150 ° off Vertical Particle Concentration
4.151 14 60 150 o off Horizontal VelocityVectors
4.152 1460 150 ° off Horizontal Particle Concentration
4.153 1620 150 ° off Vertical VelocityVectors
4.154 1620 150 ° off Vertical Particle Concentration
4.155 1620 150 ° off Horizontal VelocityVectors
4.156 1620 150 ° off Horizontal Particle Concentration

For the propertiesassumedat the time of these initialTEMPEST simulations,the com-
puter predictionsof jet mixing in Tank 241-SY-101 indicate that high jet dischargeflowrates
wouldbe requiredto fullymix the tank to a uniformconsistencyfor both the verticaland hori-
zontal jet configurations, lt is not possible,however, to state whether the velocitydistribu-
tionsare sufficientto releaseany trappedgases that mightexist. The TEMPEST simulationsthat
addressthe effect of treatinggases will be presented in a later report, whichwill includean
accurate representationof the material properties in the tank.
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5.0 Conclusions

The objectivesof thisworkwere to verifythe accuracyof the TEMPEST computercode in
modelingturbulentjets and investigatingthe effectivenessof a seriesof mitigationconcepts
incorporatingjet mixing. The followingconclusionsare provided:

_ • The accuracyof the TEMPEST computercodein modelingturbulentjets was quantifiedvia
a seriesof 2-dimensionalsimulations.Several cases were simulatedto determinethe
minimumnumberof total gridscells while maintainingaccuracyin the code results. In
comparingthe results with the empirical correlation, it was determinedthat 1 radial cell
in the jet diameterwith 1 axial node in the jet core regionwas sufficient. This finding
was confirmedfor a 3-dimensionalcomputationalgrid of the Tank 241-SY-101
geometry.

• A seriesof 2-dimensionalsimulationswere run to find the most economicalgrid size with
acceptableaccuracy for the gridsystembeyondthe jet regionfor theverticaljet cases.
The 43 x 31 gridwas selected.

• The vertical draft tube configurationwas foundto be ineffectualin mixingthe contentsof
the tankbeyonda recirculationpatternestablishednear the tankcenter. Basedon this
result,it is recommendedthat the drafttube mitigationconceptbe abandoned.

• TEMPEST studiesof jet mixingusinga downwardcentrallylocatedverticaljet have shown
that, with a sufficientvolumetricflow rate, the slurry regioncan be mobilizedand mixed
with the convectinglayer locateddirectlyabove. The problemwith this approachis that
extremely high jet flow rates (95,000 gal/min) are requiredto achieve the desired
mixing.

• Resultsfrom horizontaljet mitigationconcept study indicatethat high velocityjets dis-
chargingnear the bottomof the tank are moreeffectivemixingdevices than vertical
downwarddischargingjets locatedat thecenterof the tank. The TEMPEST simulations
indicate that an incrementallyrotatedhorizontaljet located2- to 3-ft above the tank
floor appearsto be the most effectivejet mixingoption.

• This studyof mitigationconcepts incorporatesthe best availableinformationon the
material propertiesfor the contentsof Tank 241-SY-101 at the time of the work. The

j
accuracyof the simulationsare dependenton the constitutiverelationsthat describethe
behavior of the materialsfound in the tank. lt is, therefore, importantto improveour
understandingof the materialpropertiesfor the rangeof conditionsfound in the tank.
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