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ABSTRACT

The OGRE program is designed to computeoff-gas release from In Situ

Vitrificationmelt pools. This document describesthe theoreticalbasis and

computationalalgorithmsused in the program. An outline of the computer

program is describedincludingpresentationof an example user input deck.

Two model problems are examinedto verify the programand an example problem

is given to demonstrateprogram usage.
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NOMENCLATURE

s_z.m_b..o.]. Descriptionof S.ymbol ,

bg mass of gas mixture per unit volume (kg/m3)

bn,L mass of nth gas species in the Lth bubble size per
unit volume (kg/m°)

Dm depth of melt/solid interface(m)

Ds subsidencedepth of the top melt surface (m)

g gravitationalacceleration(m/s2)

Jgt drift flux of the gas mixture (m/s)

N number of chemical species

Pc capillarypressure betweenthe gas and melt
(liquid)phases (Pascals)

Pg pressure in the gas phase (Pascals)

Pt pressure in the melt (liquid)phase (Pascals)

Qg gas mixture mass sourcerate per unit volume
(kg/m3-s)

Qn,L mass source rate of the nth species in the Lth
bubble size per unit volume (kg/m_-s)

Qo volumetricflow rat_ through an effectiveorifice
(m3/s)

q6s mass flux of gas at the subsidencesurface
(kg/m2-s)

qg mass flux of gas at the melt/solid interface
(kg/m2-s)

R gas constant (m2/s2-K)

Rb effectivebubble radius (m)

S averageverticalgas ',elocity(m/s)

S® terminalrise velocity (m/s)

SL rise velocityof the size L bubble (m/s)
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Su,perscri_ts

i agglomerationexponent
i

n time level



T_ temperatureof the liquid phase (K)

Vb effectivebubble volume (m3)
i

vL verticalliquid velocity (m/s)

, Wecrit CriticalWeber number

Greek

e volumetricconcentrationof gas (void fraction)

_t dynamic viscosityof the liquid (kg/m-s)

relaxationparameter

pg gas density (kg/m3)

Pt liquid density (kg/m3)

o surfacetension (kg/s2)

Subscripts

b bubble

c capillary

g gas

® terminal (steadystate)

k node point value

l liquid

D

L averagebubble size

m melt

n chemical species

0 initial

s subsidencesurface
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I. INTRODUCTION

OGRE is a computer model for simulatingoff-gas releasefrom In Situ

Vitrification(ISV) melt pools. This document describesOGRE's basic

equations,auxiliarymodels, formulationsof approximateequations,and the

overall structureof the program. In the developmentof OGRE, an attempthas

been made to approximategas transportand release in an average sense rather

than explicitlyrecognizing i_dividualchemical species and multidimensional
I

flow. To this end, the model approximatesone-dimensionaltransportand

releaseoF a single phase gas mixturewhich rises through the melt as a

collectionof bubbles of equal "effective"size. The rise velocityof the gas

mixture is described by the local gas concentrationand terminalvelocity of

the "effective"bubbles. The effectsof agglomeration,pressure and

temperaturevariationson bubble growth are included.

The organizationof this report is as follows. In the next sectionthe

physical problemconsideredherein is described. The governingequationsare

then summarizedas well as the set of auxiliaryrelationsand boundary

conditionsneeded to complete the mathematicalstatementof the problem. This

sectionis followed by the approximatemodel for off-gas release. Included

here are descriptionsof the numericaldiscretizationand solution schemes.

In section3 the overall structureof OGRE is described and an example input

is given. Section 4 compares model solutionswith exact solutionsfor two

test problems. Finally, an exampleapplicationis presentedand comments

regardingfurtherdevelopmentare given.
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2. THE PHYSICALMODEL

Consider the melt pool configurationshown in Figure I. The system

coordinate axis, x,decreases in the downwarddirectionwith x = 0 at the

ground surface,x --Ds at the melt subsidencesurface, and x = Dm at the

bottom of the melt pool. Gases enter the melt pool in the form of bubbles as

a result of a boundaryflux,qg, at x = Dm and/or as a distributedsource Q_.
These bubbles subsequentlyrise throughthe melt pool with a positivevertical

velocity and are released at the surface,x = Ds, at a rate qgsper unit

surface area. The primary unknownsto be determinedby the mathematicalmodel

are: the spatialand temporal distributionof gas in the melt, and the rate

at which gases are released at the melt subsidencesurface.

The major model assumptionsare summarizedas follows"

I. The transportof gas in the melt pool is primarilyby bubble rise.

2. The range of bubble sizes enterinqthe melt can be representedby a

single "effective"bubble size.

3. The distributionof chemicalspecieswithin the gas bubblescan be

representedby a singlegas mixture.

4. Horizontalmelt velocitiesare negligiblecompared to verticalmelt

and bubble rise velocities.

5. Hold-upeffectsdue to cold cap formationadd shear effectsdue to

melt pool and electrodeboundariescan be neglected.

6. The bubblesare in thermalequilibriumwith their surroundings.

7. No phase change.



X
C_

o @ E E

i i iiii ii i i i i

_IP



2.1 ContinuousEquations

The distributionof chemical specieswithin the gas bubbles is given byI

a bn + (3(SLbn'L) " Qn,L in Dm< x <Ds<0 (2 1)a-T ,L ax i - - - " '

where

bn,L = mass of nth gas speciesin the Lth bubble size class per unit

volume (kg/m3)

SL = local average rise velocityof the Lth bubble size class (m/s)

Qn,L : mass source rate due to chemical reactionsand vaporization

(kg/m3-s)

Ds : subsidencedepth of the top melt surface (m)

Dm = depth of the melt/solidinterface(m)

and n and L range over the number of speciesand bubble size classes,

respectively. Equations(2.1) can be reducedto a single equation by

consideringa gas mixture which occupiesa single effectivebubble size
u

class L.

The mass of the gas mixture per unit volume in the lth bubble size class

is defined as

N

bg- _ bn,lT (2.2)
n-1

b

for N chemical species. Similarly,the mixture gas source term, Qg, is



N

O_ - _ Qn,I_ (2.3)
n-1

To obtain the continuityequat;on for the gas mixture, equations (2.1) are

summed over the N species

N a I N 1 _
__a _ bn,c+ __ ,_,__bn, " Qn,c in Dm-<x <Ds (2.4)
at n-1 ax n-1 n-1

where S is the averagerise velocity of the gas mixture.

Introducing(2.2) and (2.3) into (2.4)yields

a a

a-_bg+ -- (Sbg) -Qg in Dm< x <Ds (2.5)_)x - -

The solution to (2.5) gives the transientdistributionof gas, bg, in the

melt. From this solutionthe flow rate (off-gasreleaserate) at the melt

surfacemay be determined by simply evaluatingS bg at the subsidencesurface.

The initialconditionfor equation (2.5) is

bg(x,O) - eopgo , Dm_<x _<Ds (2.6)

where eo and Po_are initialgas concentrationand density. The boundary

conditionat the melt/solid interfaceis

b_ - qg/S x - Dm,t>O (2.7)



where qg is the mass flux of gas from the solid region into the melt. This
mass flux is due to chemicalreactionsand vaporizationin the solid region

ahead of the melt front and is the primary source of gas.

The density of the gas mixture is given by the ideal gas law

Pg (2.8)
Pg " RT---_

where Pg is gas pressureand Tt is melt temperature. Pg is equal to the sum

of melt pressure,P_, and capillarypressurePc, that is

2o
Ps" Pt + Pc " Pt'+-- (2.9)

where o denotesmelt/gas interfacialsurfacet_nsion, RB is the effective

bubble radius for bubble size class L, and it is assumed that Pcmay be

approximatedby Laplace'sequation for mechanicalequilibriumof a surface

betweentwo fluids.

The gas velocity,S, is assumed to be a functionof the volumetric

concentrationof gas. The volumetricconcentrationof gas, e, is determined
'I

from the solutionof (2.5) and equation (2.8) using the relationship

- bg/pg (2.10)

For one-dimensionalverticalbubbly flows withoutwall shear, the following

equation has been found to correlatewith a wide variety of data2

Jgt " S=(z(]-e)i (2.11)



where JgL is the drift-flux,S® is the terminal velocityof a single bubble of

size Rb, and exponent i is determinedexperimentally. The drift flux can be

. rewrittenin terms of the averagemixture velocityas

JGL " e (l-e) (S-VL) (2.12)

where vt is the local verticalliquid melt velocity.

The averagegas velocity,S, can now be written in terms of gas

concentration,_, and terminalvelocity S®. Setting (2.11)equal to (2.12)

and solvingfor the averagelocal vertical gas velocityyields

- S® (l-e)i-I+ vt (2.13)

Finally,the off-gasreleaseat the top melt surfaceis given by

qgs" bgS x- Ds, t>O (2.14i

Continuityequation (2.5) and initialand boundaryconditions (2.6) and

(2.7),along with equationof state (2.8),relations(2.9), (2.10),and

(2.13),and off-gas flux equation (2.14) define the simplifiedoff-gas release

model.

2.2 Terminal Rise Velocity

The dependence of terminal rise velocity,S., of a single bubble on fluid

propertiesis discussed in the In Situ VitrificationModel Developmentand

ImplementationPlanI and elsewhere.3 Based on experimentalmeasurementsof

gas bubbles in a varietyof liquids, Peebles and Garber3 developed a set of

empiricalrelationsfor terminalrise velocity. These relationsare used in

this work and are presentedin Table 2.1. The suitabilityof these

correlationsfor ISV applicationsshould be examined as experimentaldata

become avaiIable.
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For code verificationpurposes,these correlationsare comparedwith

experimentaldata4 for an air water system in Figure 2.2. Results are

computedusing a uniform array of 1000 bubblesthat range in size from 0.01 cm

to 10 cm. Relevantpropertiesare _t = 0.001 kg/m-s,o = 0.0728 kg/s2, PL =

1000 kg/m_, pg = 1.16 kg/m3, and g = 9.8 m/s2. Figure 2.2 illustratesthat

computedvelocitiesagree with the experimentaldata.

2.3 InitialBubble Size and Bubble Growth

Gas is formed by high temperaturesin the solid porous region ahead of

the melt front. A portion of these gases enter the melt as bubbles. In this

model the mechanismof bubble formationis assumedto be similarto bubble

formationat the base of a liquidcolumn caused by forcinggas through a

series of orifices. For this case the initialbubble size is2

Lr
Rb(Dm)" I (2.15a)

g(Pt-Pg)

if Rb(Dm)> Rp, or

[___gz] 1/5

Rb(Dm)- .648 (2.15b)

where o is surfacetension (kg/s2),Pt and p_ are liquid and gas densities in

(kg/m3),g = 9.8 m/s2, Rp is an orificeor pore throat radius and Qo is the

volumetricflow rate of gas throughthe orifice. For soil melts p_ : 2700

kg/m3, o might be approximatelys .2371 kg/s2, and Rp = 0.25 cm and Qo = 0.5

mS/min. Equations(2.15a)and (2.15b)yield initialbubble radii of 0.3 cm

and 6.0 cm, respectively. The differencein the two computedbubble radii



Table 2.I. Terminal Velocityof SingleGas Bubbles in the Melt Pool

Terminal Velocity Ranq_ of Applicability

S® 2P_ PEg 2 1/3
" 9/_t Rb < 1. 756 --_

1lo.,, i I1 76 Pl .28 a" 5 /,L.52 .56

so-5g" L_j R_ 17s6Lp-_gj <_<2194
' ' I. 02 76

Pt g"

S® - 1.18 ga " 1.309 a " < Rb< 1.392 o

s. -(g P_)'_ I' ''
1.392 ['_tg° < Rb
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indicatesthe present uncertaintyin the size of bubblesenteringthe melt

pool. Equation (2.15a)may be appropriatefor the case of steady, slow gas

. productionthrough small pores, whereas (2.15b)may be more appropriatefor

large gas surges into the melt. The dependenceof bubble size on pore size

and volumetricflow rate is shown in Figures2.3 and 2.4.

If the bubbles which enter the melt are smallerthan the maximum stable

bubble size for the prevailingshear field, they will grow as they rise

throughthe melt pool. This growth will occur for two main reasons:

I. Bubbleswill agglomerateas chey travel from the melt/solid

interfaceto the melt surface.

2. A decrease in hydrostaticpressure and/or a change in melt

temperatureoccurs as the bubble travelsupward.

If mass does not enter or leave a bubble the growth as it rises is given

by the ideal gas law

Pg(Dm)Vb(Dm) Vb(X)

Tt(Dm) - Pg(X) Tr(x) , Dm_<x _<Ds (2.16)

where Vb is bubble volume. The change in bubble volume is therefore

Tru(x)P (Dm)Vb(D )
AVb(X) - Tm(Dm)Po(x) - Vb (Dm) (2.17)

A plot of bubble volume as a result of pressuredifferencedue tG gravity

is shown in Figure 2.5.

The agglomerationprocess is representedby a simpleempirical power law

' relationship

11
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v_(x)-Ii.a(I-(x-D,)I(Dm-D_))bIVb(Do),Dm-<x_<D_ (2.18)

where coefficienta and exponentb are determinedexperimentally.A plot of

bubble volume change due to agglomeration,for the case a=b=1, is shown in

' Figure 2.6.

The net bubble volume is found by combining (2.17) and (2.1,3),that is

Vb(X ) - Vba(X) + AV b (2.19)

or

II''3Rb. 3 [Vba(X) + A Vb (2.20)

The growth of a bubble due to both agglomerationand gravityeffects is shown

in Figure 2.7.

Gas bubblesrising through the melt cannot grow to be arbitrarilylarge.

Eventually,a growing bubblewill become unstable and break apart. This

maximum bubble size is estimatedby using a suitablychosen critical Weber

number Wecrit, that is

0 Wecrit
Rb.mx " (2.21 )

2 PL(S-VL)2

Before representativevalues of Rb,mxcan be conlputedfrom (2.21),the

magr_itudeof Wecritfor ISV melts must be determined. For reference, typical

values for non-viscousliquids such as water range from 7 to 12.b The

dependenceof stable bubble radius on bubble velocityfor Wecrit= 10 is shown

in Figure 2.8.

15
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2.4 NumericalApproximation

, ,

A standardforward-timefirst-orderupwind finite difference

approximationto (2.5) is

• hn.1 n _.'J b_nk _,,,.'_ n
_gk - bgk+ - k+1bgk+1" _k in Dmax<Dm<X<Ds<O (2.22)At ax

where we have used conventionaldifferencingnotation

b_k-bg (RAx, nat) (2.23)

kmax grid spacingsof length Ax = Dmx/kmax are used on the intervalDmax_x <_0

where Dmx is the maximum melt depth. The grid spacing in time is At,

and at grid points (-kAx,nat), k,n = 0,1,2...,the function b_k is the

discrete finite differenceapproximationto the continuousfunctionbg.

Remark" Computationalcells in regions Dmx < x < Dm and Ds < x < 0 are

considered "inactive"and cells in regionDm < x <_Ds are "active".

; The initialand boundary conditionsare

bg (kAx,O) "_o#o , O<k<k_x (2.24)
i

and

q_ - bgS , x - Dm, t>O (2.25)

Remarks: In general, the melt/solidinterfacewill be locatedwithin a

computationalcell. In practice,boundarycondition (2.25) is applied at the

' bottom boulldaryof the cell containingthe interface.

An alternativerepresentationof gas influx to the melt can be obtained

- by setting bg = 0 in the first inactivecell below the melt/solid interface

19



and applying an appropriatemass source Qg in the active cell containingthe
interface.

The off-gas releaseat the subsidencesurface is determinedby evaluating

(2.22) in the inactivecell at node k precedingthe first active cell at
n n

node k+1. Settingbgk = Q gk= 0 and solvingfor bgk+I Sgk+I, the off-gas
flux is given by

qn+l . bn+l +1 _X hn+l
gs =k+1_+I " _-_ "gk (2.26)

The solutionto (2.22)is stable for a Couranttime step limit of

--SkAtA._x< I ,0<k<k,mX- (2.27)

The approximategas density is found from (2.8)

° p;n
Pgk " _ (2.28)

RT_k

n

where TVkand Pgk are nodal temperaturesand pressures.

The approximatevoid fractione is, from (2.10)

n n li.lh (2 29)
ek " Pgk/-gk

Therefore,from (2.13),the approximategas velocity at time n+1 is

SkO+1_,,+I n i-I o (230)" ,'=k (iel,,,) +vii< • .

20
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, Sn+1 computed as follo'_s First theThe terminal velocity mk, in (2.30) is

equivalentbubble volume at time n+1 is calculatedusing (L.19) and under

" relaxation,that is

vn+1 n
" "b (X) - (I-¢)Vb (x) + (a[Vba(X) + AVb(X)] (2.31)

for 0< _<_I. Hence, the correspondingequivalentbubble radii are

Rn,l {3 n*l] 1/3bk " T_ vbk (2.32)

These values of Dn+1 and the correlationsgiven in Table I are then used to"bk '

sn+1
computeterminal velocity ©k "

The solution procedure,for a typical time step At, can be summarizedas

follows.

I. At the currenttime level n, compute bubble sizes for time level n+1

using equations(2.15a), (2.15b),(2.21),and (2.31).

2. Using bubble sizes from I, computeterminalvelocities and average

gas velocitiesat time level n+1 from correlationsin Table I and

equation (2.30).

continuityequation (2 22) for kn+1 _+I
3
• Solve " _gk ' and determinee and

n+1
Pgk using equations(2.28) and (2.29).

4. Compute gas releaseat the subsidencesurfaceby evaluating

equation (2.26).
0

5. If the requirednumber of time steps has been :,erformedthen

computationis terminated,otherwisesteps I-4 are repeated.



3. PROGRAMDESCRIPTION

The model developed in the previous section is incorporated into a

FORTRANprogram called OGRE. In the following sections a general description

of the program is given.

3.1 OverallFlow Chart

The overall structure of the computer code is shown in the flow chart

presented in Figure 3.1. The major steps of the program are as follows'

• The simulation begins by reading input values, initializing all

variables to their time zero values, and defining the computational

grid. The subroutine SETUPis the main routine for initialization.

• After completion of initialization, subroutine BUBSlZ is called to

compute the size of the bubbles as they enter the melt and travel

upwards to the melt surface. Bubble sizes are then used to compute

bubble velocities in subroutine MOMTUM.

• SubroutineCNTNTY is then called, boundaryconditionsare set and

the continuityequationis solved for the spatialdistributionof

the mass per unit volume,bg, at the new time. Solution bg is then

used to compute void fraction,gas density, and off-gasrelease.

• If the required number of time steps have been performed then

computation is terminated. Otherwise old time values are updated

and execution continues for the next time step.

22
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3.2 Orqanizationand Descriptionof Subroutines

OGRE is written in subroutineform such that each subroutineperformsa

separatelogical task. The diagram in Figure 3.2 shows the organizationof

the subroutinesin OGRE. Subroutinenames have been selected to indicatethe

functionthat each routineperforms,and these are arranged alphabetically.

The followinglist gives a brief descriptionof the functionsperformedby

each subroutine.

I. AGGLOM (AGGLOMeration)

This subroutinecomputesthe change in volume associatedwith
agglomerationand other effects.

2. BCCNTY (BoundaryConditionsCoNTinuitY)

This subroutinesets the boundaryconditionsfor the continuityequation.

3. BCMOM (BoundaryConditionsMOMentum)

This subroutinesets the boundaryconditionsfor the momentum equation.

4. BRAKUP (BREAK UP)

This subroutinesets the maximum bubble size based on the criticalWeber
number, and resets all volumesgreaterto the maximum value.

5. BUBSIZ (BUBbleSIZe)

This subroutinecomputesthe size of the bubbles.

6. CLOSFL (CLOSeFiLe)

This subroutinecloses the input and output files before the transientis
terminated.

7. CNTNTY (CoNTiNuiTY)

This subroutinecomputesthe continuityequation for the void.

24 L



8. CONVEC (CONVECtion)

This subroutinecomputesth_ convectionof the bubbles.

g. INIT (INITial)

This block data initializesall constants in the code, all input numbers
that are seldom changed,and all time zero values that are never changed.

10. INITIAL (INITiALize)

This subroutineinitializesthe variablesto their time zero values.

11. INITBB (INITializeBuBbles)

This subroutineinitializesthe bubble variablesto their time zero
values.

12. MOMTUM (MOMenTUM)

This subroutinecomputes the bubble velocity.

13. NEWTIM (NEW 1"IMe)

This subroutinecopies the new time values into the o_d time values in
preparationfor the next time step.

14. OGRE (Off-GasRElease)

This program simulatesoff-gasrelease problemfrom an ISV melt pool.

" 15. OPENFL (OPEN FiLe)

This subroutineopens the input and output files needed for the code.

16. ORFICE (ORIFICE)

This subroutinecomputes the bubble size at the melt front based on
orifice theory.

25



" 17. OUTPUT (OUTPUT)

This subroutine writes out the numerical data.

18. PRSHED (PReSsure HEAD)

This subroutine initializes the pressure head in the melt due to gravity.
t

19. REMASS (REmoveMASS)

This subroutine removes the void from the top cell.

20. RESTRT (RESTART)

This subroutine reads the restart file Restart and initializes the code
to the restart time (currently not active).

21. RINPUT (Read INPUT)

This subroutine reads the input values from the input deck in the file
Ogre.inp.

22. SETUP (SET UP)

This subroutine reads the input values and the initializes the variables
to their time zero values.

23. STATE (STATE)

This subroutine computes the density of the bubbles based on the ideal
gas law with the gas constant chosen for air.

24. T_MPLT (TIMe PLOT)

This subroutine outputs the data needed to make the time dependant plots.

25. TMPGRD(TEMPerature GRaDient)

This subroutine initializes the temperature gradient in the melt pool.

i

i

_
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26. TRANS TRANSient)

This subroutinecontrols when the transientends and calls all of the
subroutinesthat advancethe bubbles one time step.

27. VNFNTY (VelocityiNFiNiTY)

This subroutinecomputes ;thesteady state velocity of the bubbles.

3.3 Input.

The units used in OGRE input are meter, kilogram,second,and Kelvins.

Numericalvalues are entered in a free field format. An exampledata input

deck is given in Table 3.1. A completeprogramvariable dictionary is given

in the Appendix.

27
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Table 3.1. Example Input Deck for OGRE/MODI

, lC!

'c GEOMETRYt
ICP

• 100 * ncells - number of real cells in the simulation
3.00d-2 * dx - cell length
1.0d+I * diamc - diameterof the controlvolume (m)
100000 * nhiacO - the initial highestactive cell
101 * lwactO - the initial lowest active cell

g.Bd+O *grav - accelerationdue to gravity (m 2/s)"
1.0d-2 * radpor radius of pores in front of the me,t (m)
51 * ntdpcl - cell number for TDP data output
I * nclskp - # of cells between surfaceplot output
ICl

'c TIME CONTROL'
ICl

5.00d-3 * dt - time step (s)
100 * maxcyc - maximum number of time steps
10 * nprint - number of cycles betweenprinted output
I * nplot - number of cycles betweenplotting output
I * ncycsb - the # cyc. before the surfacemoves 1 cell
I * ncycft - the # cyc. before the front moves I cell
I0000 * ndbstt - cycle number to start debug output
-I * ndbstp - cycle number to stop debug output
tct

'c FLUID PROPERTIES'
tCt

1000.Od+O * rhofO - the density of the melt pool (k.g/m3)
300.Od+O * tO - the temperatureof the melt pool (°K)
2.83d-4 * viscfO - the viscosityof the melt pool (kg/m-s)
O.067gd+O * sigfO - the surface tension of the melt pool (kg/s2)
tct

'c CORRELATIONCOEFFICIENTSAND POWERSt
tCt

].Od-2 * timcon - the time for bubble volume change (s)
10.Od+O * wecrit - the criticalweber number

1.0d+O * powagg - the power that sets the agglom curve.
O.Od+O * grwfrt - the bubble agglom growth fraction.
3.0d+O * power - wallis (4.14)n
tCP

tc INITIALIZATIONS'
tCt

O.Od+O * voidO - initialvoid fraction
1.0d-3 * volbO - initialaverage bubble volume (m3)
O.Od+O * vbssO - initialbubble velocity (m/s)
tct
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Table 3.1. (Continued)

t c INFLOWCONDITIONS'
iCl

3 * ncel in - cell to inject void at
O.OOd+O * voidin - amount of void to inject
10000 * ncycin - cycle number to inject void on
100000 * nsttgm - cycle to start gas inflow
50 * nstpgm - cycle to stop gas inflow
1.0d+I * gamfrt - the void source at the front
1.0d-I * vbbc - bubble velocity at the melt front
1.0d-3 * voidbc - void fraction at the melt front
ICr

tc CODEFLAGSt
tCt

I * nbubO - bub init flag (I) uniform (0) gradient
I * ncvbss - hub vel flag (I) computed (0) vbinp
1.0d+O * vbinp - bubble terminal velocity (m/s)
0 , * norfis - orificeflag (1) computed (0) radbtO
1.Od-O * radbtO - bubble radius at melt bottom (m)
I * nsorce - void source flag (I) cell (0) flux
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,, 4. MODEL VERIFICATION

. Two model test problems and an example applicationproblem are presented

in this section. The test problems compareexact solutions,for step and

• rectangularwave propagation,with model solutionsthat are computedon

successivelyrefinedtime and space grids. The followingsequenceof grids

are used: (Ax,At) = (I/9, 1/36), (I/81, 1/324),and (I/729,1/2916),

Followingthe two test problems,an exampleapplicationis presentedwhich

simulatesoff-gas releasefor the conditionof combined steady and sudden gas

influx into the melt pool.

4.1 S__tte])Waye Test Problem

This problemuses the followinginitialand boundaryconditions:

bg (x,O) = O, -I < x < O, bg (-1,t) : 1.0 kg/m3, t > O. Parametersof
interest

includeS : 1,0 m/s and p, = I kg/m3. The distributionof void fractionat

t = 0.5 s and off-gas releaserates at x : 0 are shown in Figures4.1 and 4.2.

The first-orderupwind scheme employed in OGRE producesartificialnumerical

diffusion and consequentlycoarse grid solutionssuffer from inaccuraciesas

shown in Figures4.1 and 4.2. However,results indicatethat model solutions

correctlyconverge toward the exact solution for successivelyrefinedgrids.

4.2 RectaLn._gu_!larWave Test Problem

This problemuses the followinginitialand boundary conditions:

bg (x,O) = O, - i < x < O_ bg (-1,t)= I kg/m3, 0 < t < 2/9 s. The

distributionof void fractionat t - 0.61 s and off-gas releaserates at x = 0

are shown in Figures4.3 and 4.4. Again, resultsare similarto those of the

previousproblem and model solutionscorrectlyconvergetoward the exact

solutionsfor successivelyrefinedgrids.
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4.3 .ExampleApplication

This example problem consistsof determiningoff-gasrelease for the

followingscenario. Gas enters the ISV melt at a steady rate,

% = 0.008 kg/m2-s,and suddenly,at t : 10 s, additionalgas is _eleased in

the melt, Qg : 1.0kg/m3-s,for I s. The correspondinginitialand boundary

conditionsare: bQ (x,O) = O, -Sm < x < O, and % (-5,t)= 0.008 kg/m2-s,

t > O. The source term is Q, (-5,t)= 1.0 kg/m3-s,10 s< t < 11 s.

Calculationsare performedwith Pgo: .54 kg/m3, agglomerationparameter

a = O, and (Ax, At) :

(.0Sm, .02s). Plots of off-gas releaseand total off-gasvolume are shown in

Figures4.5 and 4.6. Note the sharp increase in off-gas release rate as the

gas pulse reachesthe surface.

4.4 FurtherDevelopment

The currentversion of OGRE is a simplified,fast-runningcomputer model

for calculatingoff-gas releaseduring In Situ Vitrification. Further

developmentof this model will be guided by parametricstudies and ISV test

resultsthat will be obtained in the remainderof FY 90 and FY 91. Resultsof

these parametric_tudiesand test analyseswill be reported in two documents

to be publishedin FY Iggo.7'B

Table 4.1 is a preliminarylist of parametersthat need to be

investigated. Materials,properties,boundaryconditions,and model

assumptionsare included along with relatedcomments. This table is presented

here to stimulatediscussionbefore the parametricstudies7 are completed.
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. Table 4.1. PreliminaryComments about model Parameters

t

I. Materials Properties
I

Parameter Domain Comments I
ii i ii ii llll i

gas density 0.5 - 50 kg/m3 representsH2 to Xe
, at I atmosphere

liquid density 2 x 103 - 2 x 104 kg/m3 . representsSiOp to U

interfacialsurface 0.270 - 0.40 kg/s2 representsrange of
tension siliconmelts

reported in reference
(Bikerman)

dynamicviscosityof .I - 1000 kg/m-s very large range

!iquid

II. BoundaryConditions
ill i lm i iii i11, ii

I Parameter Domain Comments
i i ill ii

initialbubble radius to be determined lt is expected that
• this parameterwill

have to be determined
by measurementswith
typicalsoils

gas source rates 10.6- I kg/m2-s The domain is large in
order to include
releasefrom dry soils,
evaporationof
volatileslike water,
lead, and cadmium, and

L I .p.yrolysis.
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Table 4.1. (continued)

I, , ,,,,,, T , ,

!II•........M°del Assumptions

' Parameter Domain 1 Comment I ,
i i iiii

Terminalrise velocity to be determined lt is expected that this
versus size parameterwill have to be

confirmedby experimentsin
fluids similarto those
modeled. The parmetric
study should help determine
how accuratethe
experimentswill need to
be.

Agglomerationand to be determined Some theoretical
breakup processes expressionsare being
representations developedusing detailed

models. These may have to
be validated

. experimentally.
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PROGRAMVARIABLEDICTIONARY



*comdeck dtcton '_
, c23456789012345678901234567890123456789012345678901,334567890123456789012

C

, c dictionarystart "
C

C

c sample entry
C

c varibl - ds - (kg,m,s,K,A)- description
c
c d - derived
c i - input
c p - parameteror block data
c
c s - scaler
c v - vector
C

c kg - kilograms
c m - meters
c s - second
c K - degree Kelvin
c A - Ampere
C

C

caaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa
C

c arhog - dv - (I,-3,0,0,0)- kg/(m**3)- The productof the void
c fractionand the density of
c the gas bubbles.
c arhogn - dv - (I,-3,0,0,0)- kg/(m**3)- The old time product of the
c void fractionand the density
c of the gas bubbles.
C

cbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbb
C

c bubnum - dv - (0,0,0,0,0)- no units - the number of average size
c bubbles in a cell
C

CCCCCCCCCCC¢CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
C

c cnvect - dv - (I,-3,-I,0,0)- kg/((m**3)*s)- the bubble convection
c term in the continuity
c equation.

' C

cddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddddd
C

' c debug - ps - (0,0,0,0,0)- no units - logical flag to turn on debug
c output.
c depth - ds - (0,1,0,0,0)- m - depth of the melt pool.
c diamc - is - (0,1,0,0,0)- m - diameter of the cell.
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°,,,-

C b

ceeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee
C

c epsgrv- ps - (0,I,-2,0,0)- m/(s**2) - the smallest accelerationdo
c to gravity before it is
c . consideredzero. ,
c epsrad - pv - (0,1,0,0,0)- m - the radius that the bubble would be
c epsvb - ps - (0,I,-I,0,0)- m/s - the smallest bubble velocity before
c it is consideredzero.
c equrad - dv - (0,1,0,0,0)- m - the radius that the bubble would be
c if it was spherical.
C

cfffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffff
c

c four - ps - (0,0,0,0,0)- no units - the number four.
C

cggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggg
C

c gamfrt - dv - (I,-3,-I,0,0)- kg/((m**3)*s)- added mass of bubbles
c per volume of cell per
c second at the melt
c front.
c gamma - dv - (I,-3,-I,0,0)- kg/((m**3)*s)-added mass of bubbles
c per volume of cell per
c second.

c gray - is - (0,I,-2,0,0)- m/(s**2) - accelerationdo to gravity.
c grwfrt - is - (0,0,0,0,0)- no units - the fractionthat the bubble
c size changes from top to
c bottom due to agglomeration.
C

chhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhh
C

c half - ps - (0,0,0,0,0)- no units - the fractionone half.
c height - ds - (0,1,0,0,0)- m - the depth below ground.
C

ckkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk
C

c k - ds - (0,0,0,0,0)- no units - do loop index for volume loops.
c kk - ds - (0,0,0,0,0)- no units - do loop index for volume loops
c when a second one is needed.
C

clllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll
C

c lowact - ds - (0,0,0,0,0)- no units - the lowest active cell. This
c determineswhere the melt front
c is located.

c lwact0 - is - (0,0,0,0,0), no units - the lowest active cell
c initially.
C

C_m_T__
C

c maxcyc - is - (0,0,0,0,0)- no units - maximum number of cycles.
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C .

cnnnnnnnnnnnnnnnnnnnnnnnnnninnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn
4 C i

c nbubO - is - (0,0,0,0,0):- no units - flag for bubble inltlalJzation
c ' (1) - uniform at pore size

, c (0) - gradient due to density
c nbug -ps- (0,0,0,0,0)-no units-unit numberfor debugoutput.
c nc - ps - (0,0,0,0,0) no units maximumnumberof cycles.
c nceltn - is - (0,0,0,0,0) - no units - cell numberto inject bubbles
c intothe flow.
c ncells- is - (0,0,0,0,0)- no units- numberof activecellsin model
c nclskp- is (0,0,0,0,0) no units numberof cellsto skipfor
c surfaceoutput.
c ncpl - is - (0,0,0,0,0)- no units- numberactiveof cellsin model
c plusone.
c ncpZ - is - (0,0,0,0,0)- no units- numberactiveof cellsin model
c plustwo.
c ncvbss- is - (O,O,O,O,Oj)- no units- flagforcomputingthe steady
c statebubblevelocity
c (I)- computeusingwallls
c (0)- use vblnpthat is
c read in.
c ncyc - ds - (0,0,0,0,0) - no units - current numberof time steps.
c ncycft - is - (0,0,0,0,0) - no units - the numberof cycles tt takes
c to movethe melt frontone
c cell forward.
c ncycln- is - (0,0,0,0,0)- no units- the cyclenumberto inject
c voldlnamountof void in
c cellncelln.
c ncycsb- is - (0,0,0,0,0)- no units- the numberof cycleslt takes
c to movethe surface one
c cell down,
c ndbstp - is - (0,0,0,0,0) - no units - cycle numberto stop debug
c output.
c ndbstt- is - (0,0,0,0,0)- no units- cyclenumberto startdebug
c output.

. c ngrfl - ps - (0,0,0,0,0)- no units- unitnumberfor timedependant
c graphicsoutput.
c ngrfZ - ps - (0,0,0,0,0)- no units- unitnumberfor surface
c graphicsoutput.
c nhiact- ds - (0,0,0,0,0)- no units- thehighestactivecell. This
c determineswherethe surface
c is located.
c nhiacO- is - (0,0,0,0,0)- no units- the highestactivecell
c initially.
cnin - ps - (0,0,0,0,0)- no units- unitnumberfor input.

' c norfis- ps - (0,0,0,0,0)- no units- flagfor bottombubblesize
c . (I)computed
c (0)inputvalueradbtO

' c nout - ps - (0,0,0,0,0)- no units- unitnumberfor output.
c nplot - is - (0,0,0,0,0)- no units- numberof cyclesbetween
c plottingoutput.
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c nprint -.is - (0,0,0,0,0)- no units - number of cycles between
c printedoutput.
c nsorce - is - (0,0,0,0,0)- no units - the void source input flag
c (I) set the source in the last '
c active cell (gamfrt).
c (0) the boundary flux
c '. (vbbc, voidbc) •
c nstpgm - is - (0,0,0,0,0)- no units - the cycle number to stop adding
c gas to the flow field.
c nsttgm - is - (0,0,0,0,0)- no units - the cycle number to start
c adding gas to the flow field.
c ntdpcl - is - (0,0,0,0,0)- no units - cell number for time dependant
c output.
C

CO0000000000000000000000000000000000000000000000000000000000000000000000
C

c one , ps - (0,0,0,0,0)- no units - the number one.
c

cppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppp
C

c pO - ps - (I,-I,-2,0,0)- kg/(m*(s**2))- the pressure in the
c containmenthood.
c pi - ps - (0,0,0,0,0)- no units - the number pi - 3.1415926536.
c powagg - is . (0,0,0,0,0)- no units - the power that is used in
c the bubble agglomerationequ.
c pornum - ds - (0,0,0,0,0)- no units - the number of pores at the melt
c front.
c porrad - is - (0,1,0,0,0)- m - the radius of the pores in front of the
c melt front.
c power - is - (0,0,0,0,0)- no units - the power that is used in
c Wallis equo_(4.14)
c press - dv - (I,-I,-2,0,0)- kg/(m*(s**2))- the pressure in cells.
C

crrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr
C

c radbtO - is- (0,I,0,0,0)- m - the radius of the bubbles at the
c melt front if gravity is zero or
c the orificemodel is off (norfis-O).
c rair - ps - (O,Z,-Z,-l,O)- (m**Z)/((s**Z)K)- the gas c_nstant for
c air.

c reles - ds - (0,3,0,0,0)- m**3 - gas volume releasedout the top°
c relesn - ds - (0,3,0,0,0)- m**3 - the old time gas volume released
c out the top.
c relest - ds - (0,0,0,0,0)- no units - cumulativegas volume released
c out the top
c rhog - dv - (I,-3,0,0,0)- kg/(m**3)- The densityof the bubbles.
c rhof - dv - (I,-3,0,0,0)- kg/(m**3)- The densityof the melt pool.
c rhofO - is - (I,-3,0,0,0)- kg/(m**3) - The initialdensity of the
c melt pool.
C
CSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSS
C
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C .

c stgfO - ts - (1,0,-2,0,0) - kg/(s**2) 'The reference surface tenstGn
" c stgmaf - dv - (1,0,-Z,O,O) - kg/(s**2) - The surface tension of the

c cells.
C

• cttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttt
C

c tO - is - (0,0,0,I,0)- K - The referencetemperature.
c three - ps - (0,0,0,0,0)- no units - the number three.
c timcon - is - (0,0,1,0,.0)- s - the time it takes for a bubble to
c change size.
c time - ds -(0,0,1,0,0) - s - the simulationtime.
c temp - dv - (0,0,0,1,0)- K- The temperatureof the melt in a cell.
C

CVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVV

C

c vb - dv - (0,1,-1,0,0)- m/s - the velocityof the bubble.
c vbbc - is - (0,I,-I,0,0)- m/s - the flux boundary bubble velocity.
c vbinp - is - (0,I,-I,0,0)- m/s - input terminalvelocity of the
c bubble to be used if gravity is
c zero or ncvbss equals zero.
c vbn - dv - (0,I,-I,0,0)- m/s - the old time velocityof the bubble
c vbss - dv - (0,1,-1,0,0)- m/s - the steady state velocity of the
c bubble.
c vbssO - dv - (0,I,-I,0,0)- m/s - the initialsteady state velocity
c of the bubble.
c vbssn - dv - (0,1,-1,0,0)- m/s - the old time steady state velocity
c of the bubble.
c viscf - dv - (I,-I,-I,0,0)- kg/(m*s) - the viscosityof the melt in
c the celI.
c viscfO - dv - (I,-I,-I,0,0)- kg/(m*s) - the referenceviscosityof
c the melt.
c vmelt - is - (0,1,-1,0,0)- m/s - the verticalvelocityof the melt
c pool.
c void - dv - (0,0,0,0,0)- no units - the vapor volume fraction.
c voidO - is - (0,0,0,0,0)- no units - initialvoid fraction.
c voidbc - is - (0,0,0,0,0)- no units - the flux boundary void fraction
c voidin - dv - (0,0,0,0,0)- no units - amount of void to inject
c into th_.flow.
c voidn - dv - (0,0,0,0,0)- no units - old time vapor volume fraction.
c volbO - is - (0,3,0,0,0)- m**3 - the referencevolume of the
c averagebubble.
c volbot - ds - (0,3,0,0,0)- m**3 - the volume of the bubbles at the
c melt front.
r volb - dv - (0,3,0,0,0)- m**3 -the volume of the averagebubble
c in a cell.

1

c volbn - dv - (0,3,0,0,0)- m**3 - the old time volume of the average
c bubble in a cell.
c volcel - cls- (0,3,0,0,0)- m**3 - volume of the cell assuming a
c cylindricalgeometry.
c ,,,,i+,,,,. at - (0.3,0.0O) - m**3 - the volume of the bubbles at the
c top of the melt.
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C .

C

C

c wate - ds - (0,0,0,0,0) - no units - the under-relaxation to keep
c the bubbles from changing
c volume too rapidly.
c wecrit - ds - (0,0,0,0,0)- no units - the criticalweber number
c which determineswhen bubbles
c break-up.
C

CXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C

c xk - dv - (0,1,0,0,0) - m - the cell center location.
C
CZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZ
C

c zero - ps - (0,0,0,0,0) - no units - the number zero.
C

C

c dictionaryend
C
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