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ABSTRACT A detailed derivation of the code's equation
set has been documented 1. The unsteady mass

design constraints exist on the equation is: 2
prtr.essing operations in the High Level Waste

(HLW) tanks of the Savannah River Site (SRS). A _t! I
taaR computercodewasdevel toprovidea pd¢ + = O
simple, fast, and reasonably ac.ctaate analysis tool for ,t, (1)
plant operation design. The code computes a lumped

transient temperature for the liquld contents of a waste which, for a control volume with mass fluxes
tank by modeling the liquid (slurry), the vapor space becomes
above it, the tank wall, and the cooling air outside of
the tank. Results for a typical processing cycle of

several months' duration can be obtained in 2-4 -_t) -- Erh'-EthJ "minutes CPU time on a VAX computer. This paper c.,. i, _ (2)discusses the code's mathematical models, presents
model results for a typical HLW ptecess schedule, and
compares the code prediclions with operations data. where the sign convention is handled by explicitly

summing positively-signed streams for each direction

MODEL DEVELOPMENT of flow. Conservation of energy gives: 2

rapid analysis of transient thermal contritions in a pudV + p U + -_ + gz s _dA,
HLW tank as it undergoes the mass transfers, heating, c.v.
and cooling associated with its _ing schedule.

The analysis is based on solution of unsteady lumped f
mass and energy equations for the liquid phase + J _ s _dA - J t"• _dA = O (3)
(slurry), the vapor phase above the liquid, the tank A A
wall, and the cooling air which circulates around the
tank. Material transfers are made both to the slurry which can be rewritten as:
phase and to the vapor phase; a purge flow through

one atmosphere. Since no spatial variation in _ y O, T -

tempetautre or properties is modeled, the code is not j ,._.

intended for predicting local effects (e.g., hot spots), 1 dT
but for rapidly predicting averaged conditions, with * = .-- (4)
the degree ofexpected local variation being quanlified (mc,),.,. dt
via a separate analysis (e.g., by finite element).

(//.- . /9 ,,/ /-. _ /
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whereheatsof vaporizationandthesensible heat in - Heattransfer fromliquid, vapor,and cooling
the vaporare treatedas heat flow termsin the liquid airto the tankwall.
equation. For the tank wall, (4) reducesto:

The computationof the vapormass flux is
'_' O. complicatedby several factors. Since the total tank

dT j "J volume is constant, as is the pressure in the vapor
= _ space, the nominally specified purge flow must adjust

dt (mc)c.," (5) to _rnodate thechangingtanklevel governedby
the liquidphase. From therm_ynamics,

Asetofequafior[softheforms(l,.(4,.and dm i oam___)dV + _.__) dr(5)describes the evolution in timeof the mass and -_ = _ -_
energyof the fourcomponents. It is also necessary r V (8)
to solve equation(2) foreachseparatematerialstream
of the liquidphase, in orderto keep trackof the which can bewrittenas
materialpropertiesof the mixture. This set of

ordinarydiffexentialequationsisthensolved at "T-d-['vdE[ R , dT1dP_]]
numerically.Given thatthe massof each SlX_es din, = Pi _ + --t0, + --":-
component is computed as a function of time, dt (9)mixture propertiesarecalculatedat any pointin time

as: wherethe changein vaporpressurewith temperature

E mj can be expressedempiricallyby, e.g., Antoine'sequation. Equation(9) expresses the component

p_ = J derivativein termsof otherderivatives. Inparticular,
V (6) the massandtemperaturederivativesarestrongly

coupled. Moreover,solutionof equation (9) for the
x', massderivativeisnotsufficienttospecifythemass
2., m/:pd flowrateof watervaporized fromthe liquidphase;

cp,,_ = j values for the inputand outputvaporstreamsare
mj needed,notjust theirdifference.

J (7) A rigoroussolution to equation (9) and
specificationof therequiredflowratesrequiresa more

wherethe summationsin equations(6) and(7) include complex model thandeveloped here,one which
the originaltank contents, includesdynamiceffects by incorporatingthe

momentumequation into the model. In lieu of this,
To implement the equationset, the an approximatescheme which was foundto work

followingenergyUan._ermechanismsme considered: well in ixactice was used. In this scheme, the vapor
phase is consideredto have two components:water

• Internalheatgenerationdue to radiolytic vaporand the purgegas (a puregas or aknown
decay in the liquidphase, mixture). For thepurge gas, a simplified form of

equation (9) is used, i.e.,
• Addition of energy to liquid due to mixing

pumpoperation, dm i dv

• Sensible heat transferwith incoming and -'_ = Pl dt (10)
outgoing mass fluxes in the liquidandvapor,

where
• Heatof condensation of steaminfluxes to

the liquid, d__) = d_)• Sensible and latent heat transfer between , i (11)
liquidandvapor,

since the total volume inside the tank is constant, and
• Heat transferfrom liquidand vaporto the the rate of change of liquidvolume is fixed by the
cooling coils in the tank, and mass flowrates of the (incompressible) liquid-phase



streams. If the vapor volume increases, the incoming
purge gas flowrate is increased over the nominal The forced-convective component of equation
specification accordingly; if it decreases, the outgoing (15) is determined as follows. It is assumed that
purge gas flowrate is increased over the nominal standard heat transfer correlations for Newtonian flow

dm i areapplicable, since the slurries of interest are

flowrate. Knowing "-_ and either the incoming or considered Bingham plastics which behave roughlyas
Newtonian fluids above their yield stress.4 The

outgoing flowrate, the other can be calculated agitation pumpswork by jet action; the jet centerline
straightforwardly, velocity (a function of radial distance) is assumed to

be the appropriate velocity f_ in the correlation_
With the purge fl'owrates thus fixed, and the Finally, it is assumed that the criterion for turbulence

incoming and outgoing hfmidities specified by input, is based on consideration of the conditions as the jet
the vaporization rate from the liquid phase canbe
calculated. The mass of water vapor, per mass of emerges from the nozzle. 5

purge gas at saturated conditions, is calculatedas:3 For the emergent jets of the HLW tanks'
agitation pumps, the flow is turbulent and the

y,= e,, M'w Colbum equation6 is used with radial distance as therelevant dimension. The jet centerline velocity as a
P - Pw/_, (12) functionof radial distance can be modeled as:5

where P is constant at one atmosphere. The

vaporizationrate is the mass flowrate of water U,j = 1.41U, Ke,"o13s
required to bring the purge gas influx from its initial r (16)
fraction of saturation to the outgoing saturation

fraction, i.e., where U, is the emergent velocity. Substituting
into the Colburn equation gives:

the, : th,.i,,Y,'(_. - _i ) (13)

which is the mass flowrateof water into the vapor h/c = 0-0769k Re°'_ Prl/3
phase. The mass flowrateof waterout of the vapor Ri (17)
phase is simply

Convection to the cooling coils is modeled

• " ' as flow acrossstaggered tubebundles.7 The relation
m" * = rrtc.oYa'_* (14) is:

The basic scheme for the liquid and vapor ,, , xo.2 /__\o.2s

heattransfercoefficients is to assumenatural /_l'/ Re°'6 Pr°'_s[_-----/krr,j
convection in the absence of agitation, and forced Nu, = 0.35
convection otherwise. Heat transferwill therefore be (18)
enhanced when agitation by thepumps occurs. When
the agitationpumpsare operated, an averageforced
convective heat transfer coefficient is computed for which includesadependence on (X_ / X_), the ratio
the region influenced by the pump (definedby a of the transverse and lateral distances between tubes,
"radiusof influence" which is an input parameter), as well as a dependence on Prantdl numbers in the
The single, averaged heat transfer coefficient required bulk and at the wall.
by the lumped component formulation is then
obtained as an area-weightedaverage of the forcedand The orientation of the jet changes with
natural convection heat transfer coefficients. That is, respect to the coils as the jet rotates. The jet rotation

means that the positions "lateral" and "transverse"

,CAb - n_R2i _ change during the rotation; for the geometry of Tankn_,R?

+ h,,,: / 48, the factor (Xt" / Xt')°"2 varies between 0.87 and
h = h/, Ab Ab (15) 1.15. For simplicity, then, this factor is set to unity.

Given the lack of knowledge of liquid properties and

where n is the number of agitation pumps, and ngR_ of the tube wall temperature, and the weak dependence

is less than or equal to the total surface area Ab. on the latter, the factor (Pr/Pr w)°as is likewise set



to unity. With the above simplifications, equation formulationwould also include anenergyequationfor
(18) becomes: the cooling water in the system of equations to be

solved. The magnitudeof the liquidtemperatureerror
in neglecting this effec_was estimated as less than

Nu t = 0.35 Re °'6Pr°'_ (19) 10%for the process modeled in Figure 1. The
relativeerrorwould increaseas the temperature

forthe forcedconvective heattransferterm. The differencebetween the slurryandthecooling water
averageheattransfercoefficient is then weightedin

with equation(15).

RESULTS AND DISC_ION :_For heat transferbetween theliquidand
vapor,some creditfor_ heattransferdue to Typicalresultsfor threebatchesof a HLW
the vaporis takenwhen the agitationpumpsare tankundergoinga 150 day processingcycle areshown
operatingin the liquid. The heattransfercoefficient in Figure 1. The temperaturevariationsin the slurry
insideof thecooling coils is given by standard reflectthe various masstransfersin andout of the
correlations:Seider-Tatefor laminarflow andDittos- tankandthe periodsof enhancedhe_ transferdueto
Boeiterfor turbulent.6 The airheat transfer agitation. The three sharppeaks in the slurry
coefficient in the cooling annulusincludesradiative temperaturemarkthe end of each of threebatch
andnaturalconvective contributions.8,9 processingperiods;the transferpumpenergy

constitutesa significant heatinputat the end of each
A numberof thesurfaceareaswhich appear batchperiod. The heightsof these peaks

in theequationsdevelopedaboveare afunctionof the progressivelydecrease,since residualmaterialfrom
height of the liquid phase. This height is each batchaccumulatesin the tank. Withineach
straightforwardlycalculatedat any pointin time, batchperiod,thesignificanttemperaturedifferences
"sincethe total mass of the liquidis a solution betweenliquidandvaporduringperiodsof quiescence i
variable,and themixturedensity is likewise tracked, arereducedwhenthemixing pumpsareactivatedand
For the cooling coils, however, the surfaceareais not enhancedheattransferoccurs. The washingperiod
a linearfunctionof height; the coils do not reachto whichfollows the threebatchoperations,when the
thebottomor top of the tank,and additionalareais tankis near-funbut the transferpumps areoperating,
associatedwith the coil bends; an empiricalcoil showsa steadytemperatureincrease.
surfaceareafunctionis implemented.

The modelwas deveiopedfora fairly
The method of solution for the equationset homogeneousHLW slurry,and one in which the

is a fourth-orderRunge-Kuttasolver with variable differencebetweenthecooling coil watertemw.zanm_
step size.10 The implementationof the stepsize and theslurrytemperatureis significant. Figure2
controllogic achieves fifth-orderaccm-acyusing the shows datafrom one of theHLW sludge tanks,for
fourth-ordersolver. The waste tankprocessesof whichoperationsdatawere available to compareto
interest involve stepchanges in heat additionand modelpredictions. Becausethe differencebetweenthe
convective heat transfercoefficients. This presents sludgeand cooling water temperaturesis low, the
numericaldifficultieSin thatthesize of an acceptable constantcooling watertemperatureassumptionleads
timestepchangesdrastically(i.e., by two or three to greawxrelative error. When the model cooling
ordersof magnitude)as soon as the step occurs. To waterlem_ wasallowed to varyin accordance
avoidtheseproblems, thestep changesaresmootho" withtheexperimentaldam,however, thecomparison
usinga cubic polynomial function which satisfies the between_g dataandmodelpredictionwas
values andfwstderivativesat the ends of the within 2 °(2. This is very good agreement,given the
smoothing interval.11 thermocoupleerrorandespecially consideringthat

this tankcontaineda sludge-rich,inhomogeneous

The most seriouslimitation in applying the slurry.
model to a HLW tankis the lack of spatialvariation. ACKNOWLEDGEMENTS
Inparticular,the liquid phase is expected to be non-
uniform in temperature,as the non-Newtonianfluid is
stirredat fourlocations by the agitationpumps,and This work was perfonned undercontractNo. DE-
non-uniform in composition, as the liquidphase AC09-89SRI8035 with the U. S. Departmentof
separatesinto distinct layers when mixing ceases. Energy. D.F. Brownprovided thecomparison
The code is intendedonly to provideaverage betweenoperationsdataandmodel predictionsusinga
temperatures for rapiddesign calculations;more varyingcooling water temperature,shown as Figure
detailedmodeling is necessary to ensure that 2.
temperaturecriteriaare satisfied locally. An improved
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NOMENCLATURE I liquid
nc naturalconvection

Ab surfaceareaof thebottomof the w wall
tank;this is also equal to interfacial vap vapor
areabetweenliquidandvapor

Ce heatcap_ity at constantpressure REFERENCES

cv heatcapacityatconstantvolume
I. Kielpinski,A.L.,1992,"ITP.FOR:A Code

Dj jet diameter (equalto nozzle to CalculateThermalTransientsin High
diameter) Level Waste Tanks OF),"U. S. DOE Report

h enthalpy WSRC-TR-92-488.
k thermalconductivity

M" molecularweight 2. Smith, J. M., and Van Ness, H. C., 1975,
Introductionto Chemical En_neeringm mass
Th_alnodynamics,3rded., McGraw-Hill,

rh mass flowrate New York.
rhc.v, time rate of change of mass in

control volume 3. Treybal, R. E., 1980, Mass-Transfer

Nu,, localNusselt number QIF,dlII_, 3rd ed., McGraw-Hill, New
P pressure York.

P/ pressure of incoming or outgoing 4. Bird, R. B., Stewart, W. E., and Lightfoot,
stream; vaporpressure E.N., 1960, Trim_sporlPhenomena,John

Pr Prandtl number Wiley and Sons, New York.
"* i
q heat-flux vector

5. Tatterson, G.,1989, "Jet Mixing in In-Tank
rate of heat transfer Processing 03)," DPST-89-380.

Ri radius of influence for a jet 6. Chapman, A. J., 1974, HeatTransfer,3rd
Ri gas constant for species i ed., Macmillan, New York.
Re Reynolds number
T temperature 7. Kakif, S., Shah, R. K., and Aung, R. K.,

1987, Handbook of Single-Phase Convective.
T,.,f reference temperaturefor definition HeatTransfer,John Wiley, New York.

of energy and enthalpy

t.. time 8. Johnston, B. S., 1991, "Estimated
t stress vector at a point on the Temperature Drop Across Wall of Type IIIA

control surface Tank," NES-ETH-910670.

U4 centerlinejet velocity 9. Stehnke, J. L., 1991, "Heat Transfer for
V volume Safety Rod and Thimble (U)," WSRC-TR-
v, ff magnitude of velocity; velocity 91-600.

vector

Y,' mass fraction of watervaporat 10. Press, W. H., Flannery, B. P., Teukolsky,
S. A., and Vetterling, W. T., 1989,

saturated conditions .NumericalRecipes, CambridgeUniversity

Press, Cambridge.

t9 density 11. Connor, J. J., and Brebbia, C. A., 1976,Finite l_lement Techniques for Fluid Flow,
saturation fraction Newnes-Buttexworths,London.

Subscripts

fc forced convection



Figure 1. Predicted Temperaturesfor 150-Day Figure2. Predicted SlurryTemperature
Processing Schedule Compared to OperationsData from

InhomogeneousSludgeTank
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