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USER'S MANUAL FOR FLUFIX/MOD2z
A COMPUTER PROGRAM FOR FLUID-SOLIDS

HYDRODYNAMICS

by

R.W.Lyczkowski,J.X.Bouiilard,and S.M.Folga
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ABSPRACT

This reportdescribesFLUFIX/MOD2, a computer program
thatwas developedas a two-dimenslonalanalyticaltool,basedon a
two-fluidhydrodynamic model, for applicationto fluld-flow
simulationin fluid-solidssystemsand replacesthe InterimUser's
Manualfor FLUFIX/MOD1. The fieldequationsthatconstitutethe
two-fluidmodel used In FLUFIX/MOD2 and the constitutive

relationshipsrequiredtoclosethissystemofequations,aswellasthe
finite-differenceequationsthat approximatethese equationsand
theirsolutionprocedure,are presentedand discussed.The global
structureof FLUFIX/MOD2 thatimplementsthissolutionprocedure
isdiscussed.The inputdata for FLUFIX/MOD2 are given,and a
sampleproblemfora fluidizedbed isdescribed.

I INTRODUCTION

The FLUFIX code effortwas begunin1978withthedevelopmentof a step-by-
stepbuilding-blockhydrodynamicmodelingapproachtounderstandingthehydrodynamics
of fluidizedbeds,an approachthatIscloselycoupledtovalidationexperiments.I This

! work formed the basisofa responseto a U.S.Departmentof Energy(DOE) University
ProgramRequestforProposal(RFP).A two-yeargranttostudysolidscirculationaround
a jetin a fluidizedbed was awarded to the Illinoisinstituteof Technology(lIT)in
September1978. Inmid-1979,the K-FIX computerprograr,__as obtainedand modified
so thatitwould model a fluidlzedbed witha centraljet.2 Thisrequiredtransforming
K-FIX from a gas-liquldcomputerprogramtoa ga_-sol{d._tot,more generally,a fluid-
solids)computerprogram.

A two-yeargrantinJanuary1980by theGas ResearchInstitute(GRI),a three-
yearNationalScienceFoundation(NSF) grantin 1982,and a two-yearcontractwith
WestinghouseElectricCorp.(SyntheticFuelsDivision;now KRW Energy Systems,Inc.)

in 1981 made itpossibleto continueimplementingthe step-by-stepapproach. The
resultingpublications3"13have demonstratedthe capabilitiesoftheFLUFIX codeand
providedpeerrecognitionofthesignificanceofthe results.The collaborativeresearch

outlinedaboveproduceda codecalledlIT,which,forpurposesofArgonne'swork forthe
CooperativeR&D Venture"ErosionofFBC Heat TransferTubes,"we call"FLUFIX."
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The basic differences between K-FiX and FLUFIX are shown in Table 1. A line-by-line
comparison of the two codes was performed for METC. 14

In addition to the version of FLUFIX now being used by Argonne, experimental
versions of the code have been developed for the following applicationsz

1. Gas-solids and wall-solids/wall-gas heat transfer, 15

2. Multiple solids species (to analyze mixing of two particle sizes), 16

3. Multiple gas species and coal-gasification chemistry, 17 and

4. Liquid-solid lamella electrosettling. 18

The FLUFIX/MOD2 computer program incorporates the K-FIX numerical
scheme. 2 The major modifications made in order to model fluid-solids systems are:

1. Gas/liquid-solids interphase drag functions to cover the entire
range from very dense to very dilute solids flow (=0.2 _<c _<1),

2. A solids-phase stress term related to solids pressure to keep the
bed from compacting below a packed-bed state (E = 0.37) and to
provide numerical stability,

TABLE 1 Summary Comparison of K-FIX and FLUFIX Codes

Item K-FIX FLUFIX

Interphase Drag Gas-liquid Gas-solids

Flexibility LMFBR HCDR specific Fluidized bed, pneumatic
transport

Initial Conditions Assumed uniform Uniform and nonuniform

Stability Unstable equations Stabilized equations with solids-
stress term

Transition to single Numerical scheme modified to
phase is unstable stabilize transition to single

phase, other stable equation set
included



3. The option of a second set of field equations with the pressure drop
in the gas phase above, and

4. Automatic initialization procedure for fluidized beds.

These are the major changes in K-FIX that resulted in the computer program
FLUFIX/MOD2.* The field equations that constitute the two-fluid model basis for
FLUFIX/MOD2 are presented and discussed in Sec. 2. However, these field equations are
not a closed system of equations until all quantities appearing in them are expressed as
functions of the basic variables. The constitutive relationships needed to close this
equation system are presented and discussed in Sec. 3.

The complexity of the field equations makes obtaining exact solutions highly
unlikely; therefore, numerical solutions must be obtained. To obtain these numerical
solutions, finite-difference equations that are consistent approximations to the field
equations and that have solutions that converge to the solutions of the field equations
must be obtained and solved. Such finite-difference equations are presented and
discussed in Sec. 4.

With initial conditions given and appropriate boundary conditions imposed, these
finite-difference equations are solved iteratively, using a point relaxation technique.
The solution procedure used for these equations, the initial conditions that begin this
solution in time, and the boundary conditions that may be imposed are presented and
discussed in Sec. 5. The global structure of FLUFIX/MOD2 that implements this solution
procedure is discussed in Sec. 6, and the input-data description for FLUFIX/MOD2 is
given in Sec. 7.

Finally, a sample problem for a fluidized bed is given in Sec. 8. The appendixes
provide a stability analysis of the numerical scheme (App. A) and a list of the FORTRAN
symbols and definitions (App. B).

*The major differencebetween FLUX/MOD2 and FLUFIX/MOD119 isthe reinstatement

of the viscousstressterms as containedin the K-FIX computer program 2 together'with
minor corrections.



2 HYDRODYNAMIC MODELS

The two hydrodynamic models programmed in the FLUFIX/MOD2 code are
presented in this section.

2.1 HYDRODYNAMIC MODEL A

The hydrodynamic model of fluidization uses the principles of conservation of
mass, momentum, and energy. The continuity equations and the separate phase
momentum equations for two-dimensional, transient, isothermal two-phase flow (in
Cartesian coordinates), which form the basis of the FLUFIX code, are given below (terms
are defined in the Nomenclature list at the end of this report). Although the word gas is
used throughout, the word fluid meaning gas or liquid is implied.

Gas-phase continuity

S S

(oge) +-- (eogug) +-- (eogvg) = 0 (2.1)s-"t_ Sx ;)y

Solids-phase continuity

at [°s(1 - e)] + _-- [o (1 - e)] + s-- ax sUs -_y [OsVs(Z - e)] = o (2.2)

Gas-phase momentum in x-direction

(OgeU) + _ (OgeU O ) + _ (OgeVgOg)at g ax g g Sy

_P
=-¢'_x + BA (U -U ) + SUG -pgegx_ _ (2.3),x s g

Solids-phase momentum in x-direction

s__[Os(I _ e)u ] + _st s _x [°s(1- C)UsUs]+'_ [°s(Z- e)vsus]



Oas-_e momentum in y-direction

(OgeVg) + aat _x (0 g ¢UgVg) + -_y (o gCVgVg)

aP - Vg) - pgegy+ SVG (2.5)= -eTy + SA,y(Vs

Solids-phase momentum in y-direction

a a (1 - e )VsV s ]at [°s(1 - e)Vs] + "_x [°s(1 - ¢)UsV,q] + "_y [°s

= .(]. ea)__+ - vs) G(e)_+ay _A,y(Vg "ps(l" e)gY+ SVL (2.6)

The solids elastie modulus, G(¢), is used to calculate the normal component of the solids
stress through the following relationship"

a_ ae = c(e)ae (2.7)a'r = a-'e"

which is similar to what is done in solid mechanics.

Six nonlinear, coupled, partial differential equations must be solved for the six
dependent variables: the void fraction, e; the pressure, P; and the gas velocity

components UR and V_ and the solids velocity components U. and V. in the x- and
y-directions, respectively. The equations are written in a form similar to that used in
the K-FIX computer code9 from which FLUFIX has been developed. 2 The conservation
equations in the FLUFIX code are solved in the following three coordinate systems:

1. Spherical coordinates (Fig. 1). Calculations are one-dimensional in the

r direction, with symmetry in the e and _ directions. Although this
option was described in the K-FIX computer manual, 2 it is not actually
in the computer program.

2. Axisymmetric cylindrical coordinates (Fig. 2). Calculations are two-
dimensional in the r and z directions, with symmetry about the z axis.
An offset from the axis of symmetry can be incorporated to model

annular regions.
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FIGURE 1 Spherical Coordinates FIGURE 2 Axisymmetric Cylindrical
Coordinates

3. Cartesian coordinates (Fig. 3). y
Calculations are two-dimensional

in the x and y directions. A depth
dimension is indicated, but is not
in the computer code; it is needed
to compute the total mass flows.
No velocities are calculated in the

depth direction.

In the Cartesian coordinate system, the _Y

gravity vector may be oriented in any o0x" __6" ,, L_, : X

direction in the two-dimensional

computing plane by simple modifications

to the computer program. In the cylindri-

cal coordinatesystem, the gravityvector L /
must be parallelto the axisof symmetry.

In the sphericalcoordinate system, the FIGURE 3 CartesianCoordinates
gravityvectorshouldbe setto zero.

The solutionprocedure described in Sees. 3 and 4 uses the ImplicitMultifield
(IMF)numerical technique.20

The treatment of the pressure-gradientterm in the gas- and solids-phase
momentum equations(Eqs.2.3-2.6)resultsin an initialvalue problem that is ill-posed

(i.e.,one that possessescomplex characteristics,as has been discussedin detailby



Lyczkowski et al.21). This situation leads to a generally unstable numerical solution.
This set of momentum equations is sometimes referred to as the annular flow model 22 or
the basic equation set. 23 In this study, we refer to this set as Hydrodynamic Model A.

2.2 HYDRODYNAMIC MODEL B

A set of momentum equations that is well-posed (i.e., possesses all real
characteristics) was first given by Rudtnger and Chang 24 and was extended by
Lyczkowski. 25 These equations are as follows:

Gas-phase momentum in x-direction

(OgCUg) + a U ) + a U )at _ (og_ugg 7y <og_vgg

= _ a_PP+ 8B (U - U ) + SUC,-pgggx (2.8)ax px s g

Solids-phase momentum in x-direction

a a _ Us ] + a-_ a-E[°s(1 - _)us] + _ [°s(1 ¢)us 5_ [°s(1 - E)VsOs]

= 8B,x(U - U ) + C(e) aeg s _x + SUL- Ps(l- e)gx (2.9)
I

Gas-phase momentum in y-direction

a___( vg) + a__.(0gEUgVg)+ a__(0gCVv )at Og¢ ax ay g g

= _ a_.p.P+ SB (V - V ) -pgegy+SVG (2.10)_}y ,y s g

Solids-phasemomentum iny-direction

a__[Os(I _ _)v]+ a__[Os(I _ E)uv ] + a__[o (1 - E)vv ]at s ax s s ay s s s

3.._.e+ SVL (2.11)
= 8B,y(Vg - Vs) - Ps(l-t:)gy+G(e)ay



A major difference between Eqs. 2.8-2.11 and Eqs. 2.3-2.6 is that aU pressure
drops in the former are in the gas-phase momentum equations, with none in the solids-
phase momentum equations. We refer to this second set of momentum equations
(Eqs. 2.8-2.11) as Hydrodynamic Model B. The continuity equations 2.1 and 2.2 are
common to both sets. Hydrodynamic Model B is the default model programmed in the
FLUFIX code. FLUFIX has an input flag to select Model B.

The terms SUG, SUL, SVG, and SVL represent the viscous stress terms for the
gas and solids phses, respectively, in symbolic form. Their presence marks the primary
difference from FLUFIX/MOD1. "19 For details of their form, the reader is referred to
K-FIX 2 and Reference 8.



$ CONSTITUTIVE RELATIONSHIPS

The constitutive relationships that close the two sets of hydrodynamic models
are described in this section.

3.1 INTERPHASE DRAG

A significant difference between Hydrod_namic Model A and Hydrodynamic
Model B is the fluid-particle friction (drag) tensors 8^and _o. In order to relate them, we
perform a simple analysis following Gidaspow. v '_

The y-direction (vertical) momentum equations for Hydrodynamic Model A
(Eqs. 2.5 and 2.6), with negligible acceleration and stress, are as follows"

_P

0 = -e-_y + 8A,y(V s - Vg) - Ogeg (3.1)

0 = -(I - E)_P_y+ 8A,y(Vg - Vs ) - 0s(l - _)g (3.2)

The sum of Eqs. 3.1 and 3.2 gives the mixture momentum equation, usually called the
manometer formula:

_P (1 - c)] (3.3)
- _-_ = g[Og¢ + _s

which is the well-known equation in Kunii and Levenspiel's book. 26 Equation 3.3 states

that the pressure drop equals the weight of the bed. Solving for _P/ay from Eq. 3.1 and
combining with Eq. 3.3 gives

- (B--_-Z) (V - V ) = (I - ¢)(Ps Ay[frict,As g - og)g = - _--_P (3.4)

This equation, also found in Kunil and Levenspiel's book, makes it clear that the principal
loss term in fluidization is due to the drag. Equation 3.4 states that the frictional loss
equals the buoyant force.

The y-directlon (vertical) momentum equations for Hydrodynamic Model B

(Eqs. 2.10 and 2.11), with negligible acceleration and normal stress, are as follows:

0 = - _)y_--P-P+ 8B,y(V s - Vg) - 0gCg (3.5)
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0 = SB,y(Vg - Vs) - os(l - ¢)g (3.6)

The sum of Eqs. 3.5 and 3.6 also gives the mixture momentum equation (manomometer

, formula), Eq. 3.3. Solving for _p/_y from Eq. 3.5 and combining with Eq. 3.3 gives

-S B,y(Vs - Vg) = (1 - v)psg (3.7)

By combining Eqs. 3.4 and 3.7, the fluid-particle friction coefficients 8A,y and BB,y are
• related as follows:

SA*x0s _ (3.8)
8B,Y = ¢ (0 s - 0g) _"

Thus, whatever interphase drag expression, B , is chosen for the Hydrodynamic
Model A momentum equations, the expression _Y Hydrodynamic Model B interphase

drag, B_ ,,, should divide it approximately by the gas-phase volume fraction, _, since ps is_p.T

much greater than oR. The tnterphase drag expressions in the x direction are related tn
v •

the same way, for similar reasons.

_, _ (3.9)
BB,x ¢

The coefficient BA,x is obtained from standard correlations. 7 Below a porosity
of 0.8, BA is given by the Ergun equatlon; 27 above 0.8, it is given by Wen and Yu%

expression 28 as discussed by Gldaspow. 9 These expressions may be summarized as
follows:

-p

(1 - ¢)21_g pglvg- vsl(l - c)50 .... + 1 75 _ _< 0.8 (3.10a)

= E(dP Qs)2 " dpQsBA

I; "
_ g " 's pg(1 - ¢) -2.70 _ > 0.8 (3 10b)

Cdy dp¢ s ¢

24(1 + 0.15 Re 0'68/)/Re Re < 1000 (3.11a)Cdy = Y Y Y
k.0.44 Re > 1000 (3.11b)

Y
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where the Reynolds number is given by

-v Id__o¢
Re = 8 s p s g (3.12)

Y _g

Two forms for J. .- v I are available in FLUFIX/MOD2. The first is the vector
Vg s

form given by J_g - _sl - j(U - U J, [V - Vs)[. The second is the scalar form
givenby l_ - _ I = [(U 2 _ ug2)I/_ + (vg2 _ V 2ji/2].

g s g s 8 s

3.2 SOLIDS STRESS

The two sets of momentum equations contain a normal component of solids-phase
stress, T, sometimes associated with solids-phase pressure or particle-to-particle
interactions in the solids-phase momentum equations (Eqs. 2.4, 2.6, 2.9, and 2.11). A
general formulation of such a term would Include the effects of porosity, pressure, and
the displacement tensors of solids velocity, gas velocity, and relative velocity. No such
formulation with appropriate material constants is available today. This solids stress is
physically necessary to prevent the particles from compacting to unreasonably low gas

volumefractions. Thestatic normalcomponentof this stress,usuaUyeatledsth
Coulomb% component, has been used by Pritehett et al., z_ Gtdaspow et al., 3"13'1
Padhye, 30 and Coneha and Bustos. 31

This Coulombts component is quite small at minimum fluidization, but it becomes
increasingly important as the particles contact each other. In fact, it sets as a repulsive
pressure at high solids fraction. Molerus 32 interpreted this phenomenon as the direct
result of Hertz's contact pressure, which Is a function of the particle Young's elasticity
modulus. This interpretation allows us to relate solids stress measurements to material
properties of the powder.

The measurement of this term has been reported by Rtetema and Mutsers 33 and

by Piepers et al. 34 There is considerable disagreement as to the exact form of this

stress. Shinohara summarizes 15 different expressions correlating the solids repulsive
pressure with the bulk solids volume fraction. ;_ Unfortunately, these relations lack any
strong physical basis.

To place the Coulomb's component in perspective, we must consider the
mechanisms of particulate compaction in agglomeration. 35'3_ The motivation for the
most generally satisfactory expression is the experimental observation that plotting the
logarithm of consolidating pressure vs. volume yields a substantially straight line for both
metallic and nonmetallic powders undergoing compaction. We used this simple theory to
derive a generalized solids elastic modulus coefficient, G(a), of the form

G(_)/G = exp[-c(_ - ¢*)] (3.13)o
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where e (called the compaction modulus) is the slope of In(G) vs. ¢ and ¢* is the

compaction gas volume fraction. The normalizing units faetorp Go, has been taken to be
1.0 Pa for convenience. For ¢ > ¢*, the exponent of Eq. 3.13 becomes negative, and the
solids elasticity modulus G becomes smaller as _ becomes larger. However, for _ _ _*_

elasticity modulus G becomes larger as _ decreases, thus preventing the solids volume

fractions from being larger than 1 - ¢* = Ca*'

Equation 3.13 Is a convenient and consistent expression with which to interpret
the physical significance of solids pressure data. We have converted the following into
the form of Eq. 3.13= (1) the Rtetema and Mutsers data, 33 as curve fit by Gtdaspow and
Ettehadiehl 7 (2) the expression used by Gldaspow and Syamlal for solids-gas critical
flow110 and (3) the expression used for .hydrodynamics and eroston calculations for a
flutdized bed containing an obstacle. 8'11'tz Results are indicated in Table 2 and plotted
inFig./.

In the above analysis, G(¢) = 1.0 Pa when ¢ = ¢*. The Rietema and Mutsers
model is inappropriate to keep the bed from compacting, because the model was
developed for data taken at a much higher compaction porosity (0.62), and the compac-
tion modulus is very low. Porc3ittes below 0.2 have resulted with this model. Gidaspow
and Syamlal's model, developed from data on solids-gas flow through sets_ted hoppers, is
appropriate at a compaction porosity near minimum fluidization (0.422). a'_ The compac-
tion modulus is high because the particles are being compacted as they flow down
through the hopper. Our model has a somewhat higher compaction modulus and a lower
compaction porosity, more appropriate for a packed bed (0.376). This is necessary
because of the greater compaction resulting from solids striking the obstacle.

Fanucct et al. 38 obtained the characteristic directions for one-dimensional

incompressible flow for the set of equations constituting Hydrodynamic Model A
(Eqs. 2.1-2.6). One such characteristic direction, C, is as follows=

Os 0 -1/2 -( g - s G ) 1/2
C = (_ + _1 +-- (3.14)Lg _+_.s_

Og 0s

TABLE 2 Solids Elastic Modulus Parameters

Modulus c (O in Pa) Reference (G in dynes/cm2)

G1 600 0.376 Lyczkowski et al.8'II'12 0.384

G2 500 0.422 Gidaspow and SyamlalI0 0.427

G3 20 0.62 Gidaspow and Ettehadieh7 0.735
Rietema and Mutsers33
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FIGURE 4 Three 8o11_ l_etlo Maclull -- (]1, G2,
and G 3 -- Plotted against Porosity

This equation shows that, as the solids stress modulus, G(c), becomes Increasingly
large, real characteristic directions are maintained. Therefore, this term helps to

stabilize the system of equations desertbln_ Hydrodynamic Model A, whleh are
conditionally stable as an initial-value problem."'

However, as Boulllard 39 has explained (see App. A), the FLUFIX numerteal
scheme appears to glve a stable and acceptable solution to the Ill-posed model, because
the numerical eharaeterlstles of the numerical scheme are real. No mater difficulties

should exist for Hydrodynamic Model B, because this model ts well-posed. 25'40 For this
reason, we recommend the use oP Hydrodynamte Model B,

3.3 EQUATIONS OF STATE

The equations of state for the gas and solids phases are given by simple
expressions that can be easily changed to reflect more complicated functional
relationships. The expressions used, tn terms oP the FLUFIX Internal (egs) units, are as
follows:

3
ROG= 0g = ROGC1+ ROGC2.T + P/(ROGCI.T), g/cm (3.15)

ROL = o = ROLC1+ ROLC2.T + P.ROI,(._/'I', B/cm3 (3.t6)s
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wheres T = temperature (K) and P - pressure (dyneslom2).

Default values for the eonstants are given by

ROCCl - 0.0, ROGC2= 0.O, and ROGC3= 2.87 X 106 erg/(g.K) = R/M (3.17)

where R = 8.314 x 107 erg/(g-mole.K) and M : 29 g/g-mol (air)

ROLC1 = 2.611 g/cm3, ROLC2 = 0.0, and ROLC3 = 0.0 (3.18)

At present,os Is a constant,whereas oz Isgiven by an idealeompresslblegas. The
square of the speed of sound forthe gas IS'givenl'oran idealgas as

2

Cg = Og/P (3.19)

3.4 MISCELLANEOUS PARAMETERS

The defaultvaluesfor the remainingphysicalpropertiesand parameters used in

the Interphasedrag arez

MMUO= _"s = 1.82 x 10-4 poise, PHI = Cs " 0.86
I

(3.20)
and DP = d = 0.0503 cm

P

3.5 VISCOUS STRESS TERMS

t

The viscousstressterms, _kv,are given byz

= = 2 . -
Tkv = 2Uk Dk --_ t_k V • vk I (3.21)

where thedeformation tensor Dk Isgiven by:

T
1 . (3.22)

vk+ (v:'k)]
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and _ is the unit tensor. _kv Includes the teems SUG, SUL, SVG, and SVL in the gas
(k = g) and solids (k = s) momentum equations foe both hydrodynamlo models A and 8.
The default values of the viscosities used in the viscous stress teems are given bys

sm .

MUG= Us 1 82 x 10-4 poise and HUL- us - 1 poise (3.23)

The coefficient (2/3) in Eq. 3.21 is the default value in FLUFIX given by LAMBG =
LAMBL = 2/3.
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4 FINITE-DIFFERENCE EQUATIONS

Numerical solutions to Eqs. 2.1-2,6 or 2.8-2.11 must be obtained, because the
complexity of these field equations makes obtaining exact solutions unlikely. To obtain
these numerical solutions,finite-difference equationsthat are consistent approximations
to the field equations and have solutions that converge to the solutions of the field
equations must be obtained and solved. Such finite-difference equationsare presented
anddiscussedIn this section.

The representation of the fields with these finite-difference equations is
accomplished by using a completely Eulerian mesh of finite-difference cells. In
Cartesian coordinates (x,y), these cells are rectangles with dimensions6x and 6y (Fig. 3)!
in cylindrical coordinates (r,z), these cells are toroids about the z axis with rectangular
crosssections anddimensionsof 6r and 6z (Fig. 2).

A typical computational cell, cell (t,j), in Cartesian coordinates and the relative
spatial locations of the quantities that appear in the finite-difference equations are
shownin Fig. 5. In this figure and in subsequentfigures, the x (or r) componentsof the

gas and liquid velocities are denotedby Ug and U_, respectively. The indexes 1and j (or l
and J) that label cell (t,j) count eel] centers in the x or r direction and the y or z
direction, respectively, and assumeonly positive integer values, in Fig. 5 and elsewhere,

half-integer indexes denote cell edge positions. The velocity components Ug, U_, Vg,

z (ory.)

Vg,Vl
i i _ i i i i i L

l l,j+ 1/2Q

8z i-1/2,J • i+1/2,j ug,u l

Vg,Vl
O

i.j-1/2
_r

(orax) -_

r (or X)

FIGURE 5 A Typleal Computational Cell, Showing the
Location of Quantities Occurring in the Finite-
Difference Equations
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and Vg. ave located at the centers of cell boundaries, as shown! the remaining quantt-
' e B, and P, collectively denoted by Q in Fig. 5, are located at the

tieS0g, 0;, 0_, 0_, ,
center of the cell.

The following symbol equivalents are used in this section and in See. 5:

P£ . 0 s

)0t ' = (I - e)_ot'=(l-8 .0 s s

(4.1)
0. ¢

' = epg ",,COg, andPg

Kx, Ky 8A ,,x 8A,y

Using these symbols will enable the reader to compare the FLUFIX code finlte-
difference equations and solution scheme more easily with those of the original K-FIX
code. 2

The finite-difference approximations to the field equations form a system of

nonlinear algebraic equations relating quantities at time t = (n + 1)6t, where n is zero or
a positive integer and 6t is the time increment by which these quantities advance each
computational cycle, in these equations,

(S)n (4.2)
g i,j

denotes the quantity B for the gas at time n6t and at the spatial location labeled by
indexes i,j. Here and elsewhere, the index n assumes the value zero or positive integer
values and the indexes i and j assume positive integer or half-lnteger values. The
corresponding quantity for the liquid has the subscript _,rather than the subscript g.
Quantities in these equations required at spatial locations other than where they are
defined are obtained by arithmetic averaging! for example,

)n 1 [(Ug)_ + (U)n ] (4.3)(ugi,j=3 g i+,j

The finite-differenceapproximationsto terms thatare the divergenceof a scalar

multipliedby a velocity are obtained by donor-celldifferencing. This donor-cell

differencingassistsin the eliminationof numerical instabilityresultingfrom truncation
errorswithout the use of artificialdiffusion.In the finlte-dlfferenceequations,these

donor-celldifferenceterms are denoted by

< BU >n (4.4a)
1,j
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' ' (O;Vg Co' ) and Co' )where B is given bye, (I - e), Og, 0 t, (Og'.Og), ), tO_ , tVt ,
respectively. This quantity is given in general terms by

< BU >n = n (4.4b)
x,j {BU}I - {BU}n,j i-l,j

where:

n ,.+(½__ n{su)n,j = Ui+½,j [(½ + _)Sn J )Bi+l,j] (4.4e)

and

Un
- ½ sign (i+½,j) (4.4d)

where "sign"denotes the signum function used in Fortran coding.

The expression for

< BV >?
1,j

is given by

< BV >n = n _ n
I,j {BV}i,j {BV}I,j_I (4.5b)

where:

{BV} n = Vn . ni,j x,j+½ [(½ + n)Bn,J + (½ - n)B ,j+l] (4.5e)

and

r]= ½ sign (Vnl,j+½) (4.5d)

These finite-difference equations are written in cylindrical coordinates (r,z) for
generality. Some coordinate-system-dependent terms will now be defined. For
Cartesian coordinates,
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r. ffi = 1 (4.6a)
1 ri+_

for alli, and for cylindrical coordinates

r 1 = 6r/2

r. = (i - _)6r i = 2, 3, ..., i
1 z max

r3 = 0 (4.8b)
2

ri+ _ = (i - 1)6r i = 2, 3, ..., ima x

Geometrically, in cylindrical coordinates, r i is the r coordinate of the center of cell (l,j)
and rt+ _ is the r coordinate of points on the right edge of this cell, where r is measured
from the left edge of the i = 2 column of cells.

4.1 CONTINUITY EQUATIONS

The finite-difference forms of the gas and liquid continuity equations are given
by the following:

Finite-difference gas-phase continuity

(og)n+li,j= (Og')ni,j+ 6t [_<(pl)n+l un+Igr > i,j/(ri_r)

(4.7)

,)n+l vn+l > /6z]- < (Pg g i,j

Finite-difference liquid-phase continuity

)n+l n+l j/((O_')n+l..= (O_,)n. + 6t [-<(Oi U_ r > i, tier)
1,j 1,j (4.8)

,)n+1 vn+1 > /_z]- < (0_ -_ i,j

The reduetionof Eqs. 4.7 and 4.8 to Cartesiancoordinatesis accomplished b)

lettingri= i foralli.
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4.2 MOMENTUM EQUATIONS

The finite-difference momentum equations in this section are given for

Hydrodynamic Model A. The meshes for similar Hydrodynamic Model B finite-difference
momentum equations are shown in Fig. 6 for the r or x and z or y directions. Because all
6r (or ax) are the same and all az (or ay) are the same, the momentum cell sizes in these
two directions equal the continuity cell sizes in these direetions.

The finite-difference form of the x or r component of the momentum equation
for the gas is given by

(_'gug)n+_ = (_'u)n + _t <- 0TM (P_+1 _ pn+l.)/_i+½,j g g i+½,j i+%,j i+l,j _'J
(4.9a)

+ (Kx)i+_,jU_ i+%,j g i+%,j

, )n as
where all the explicit terms have been grouped into (%Ug i+½, j

F
(p'U)n = (0[U)n + 6t t-<(P')nunun r> /(ri+½ ar)g g i+½,j g g i-_,j __ g g g i+½,j

, n ._ (4.9b)
nnn n J- <(0;) UgVg> /_z-(Pg)i+l/2,jg x + (SUG)i+If/ji+½,j

The finite-difference form of the x or r component of the momentum equation
for the liquid is given by

' (0_U£')n ( 8n+l pn+li+l(0£U£) TM = + at -(I - )( Ji+½,j i+½,j _ i+½,j '

- P_+_)/ar + (Kx)n _(Ug)n+l - (U,) n+l ]z,J i+½,j i+_,j i+½,j
(4.10a)

+ G(O) n+l [e n+l _ en +1

i+½,j ' i+l,j i,j) /ar J
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i ,J+,V2

..... i,j+,4""'_"T
I III III

...... T {+'(P----Cont_utty ii
' a --_1 I

I 1/2'J _ t'JT t+1/2'J'i+l'J]M--r-Mornontum--N'' ......... '1" i+3/2,j __.___
_------ar (or _x) i,j-1/2

(a)r or x MomentumEquations (b) z or y MomentumEquatlona

FIGURE 6 The Staggered Computational Mesh for Momentum Equations

t )n 8S
where all the explicit terms have beengroupedinto {0_tu_ti+½, j

..... _U_, _ 0_, n.n..n, )n = (p, )n + +t - <(') u_u_, r> /(ri+ ½ +r)
(°tUz i+½,j i+½,j i+½,j

(4.10b)

'" )
, nnn n

- <(Of) UgV£> /Sz- (Pg)i+l/2,jg x + (SUL)i+I/2, ji+½,j

The finite-differenee form of the y or z eomponent of the momentum equation
for the gas is given by

<-

, , I_ en+l _;_ pn++(OgVg)n+l = (ogvg)n + +t (p - )/+zi, j+½ i, j+½ i, j+½ +1 i ,.]

)n V£ - (Vg) n+l

+ (Ky i,j+½ i,j+½ i,j+½JJ
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where:

___,,, L J <(pvs) = ( 'v )n + 6t -<(,j+_ Ps 8 i,j+_ °g g g i,j+_
(4.11b)

, n !1 ]
" < (o;)nvnvn> /&.(pg)ij+u2gy +(svo)ij+lr23g g i,j,_

The finite-difference form of the y or z component of the momentum equation
for the liquid is given by

(o_v_)n+1 = (o' )n __ on+1 pn+1EVE + 6t (i - )[ z,j+l
i,j+_ i,j+_ i,j+½

. _ )n+l - (vE)n+I]Vg .

- P?*z)/_z+ (K)n
i,j Y i,j+½ i,j+½ z,j+_

(4.12a)

)n+l en.l 1.+ G(O i,j+½ [ i,j+l - On+z,.]j/6z

where"

i

n )n __ ,)n n n(o_V£) = (p' + 6t <(0£_V_ . V_O_ r> /(ri6r)
i,j+½ z,j+½ L i,j+½

(4.12b)

,n n
, n n n /6z - (p)ij+l/2gy + (SVL)ij+I/2

- <(O_) V_V_>i,j+½

The use of time level n values in the overstated terms and in the interphase

friction functions, Kx and Ky, implies that Eqs. 4.9 and 4.10 form a system of two linear

in the two unknowns (Ug) n+l and (U_) n+l and that Eqs. 4.11 and 4.12 aequations

i+½,j i+½,j )n+l and V _n+l
system of two linear equations in the two unknowns (Vg i,j+½ ( _'i,J'+½"The
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solutions to these two systems of equations yield the velocity components in cell (l,j) as
followsz

(Ug)n+l = ¢(oi U )n _ 87+I p?+l . p?.l

_ ')n'z + _t(K)" _+ _t(z)"P& i+½,j x i+½, x i+½,j

- PP+_)/6r (4.13)' (6;U&'_' - 8t (I- Op+It+½j) (Pn+li.lj t,j
i+4,j ' '

+ (St/St)0(8)n+l .n+l n+l)J_ 8(velocity)i+½,j[ui+i,j- e.z,]. / x,i+_,j

(_( 8n+l pn+l _ pn+l)/6r

n

_u_n._-- _[u_!-+_(_-_._j)(_._,j_,j
i+_,j <L_ z+½,j

)n+l .n+l n+l)_ _ )n+l + 6t(K )n Jl+ (St/Sr) O(8 i+_,j (Si+l,j " ei,j °'gi+½,j x i+½,
(4.14)

n- 8n.l+ J - )+t
+ 6t (Kx)n OgUg i+½ j

i+½,j i+½,j '

pn+l _ pn+l] . -]'_,.(velocitY)l?/a
i+!_,j i,j,/or .-L_jj x,t._,j

__ n z_
= 0 V ) - _t ( j+l )/8(Vg)n+l -, 8n+l pn+l _ pn+l

i,,j+½ g g i,j+½ i,j+½ i, i,j

_ ')n+l + 6t(Ky)n ½1+ 6t(K )no£ i,j+l i,j+ Y i,j+½

(4.15)

n' ' ) - [i - 8 ) _t (Pi, - P )/6z
_V_ i,j+% i,j+½ j+l i,j

n+l 8n+l n+l_ /A(vel°city)

• (St/Sz) G(8)i,=+uj_ ( i,j+l - 8i'J--3
y,i,j+½
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(v_)_._ . _v_). - (1- e"*_ ) 6t ( "._ - o"._
i,j+_ L 1,j+_ i)j+_ Pi)j+l "i,j)/6z

+ (_t/6,) G(e ( - (__i,j+1 _,j j+4 i j+
(4._8)

+6t(K)_ _PlV_) -en+_,j+_ _ s i,j+_ i,j._6t

CPn+l - pn+!)/6z__IA (velOcity)i,j+1 _,a y,i,j+_

wherez

A(velocity) (,)n+l I( ,)n+l + 6t(K_)n ml_,k,m = Og k,m O& k,m k,

(4.1_)
,)n+l 8t(K_)n

+ (lo&k,m k,m

k,m = i+½,j or i,j+_

and

_=xory

The solids stress terms could be at either ttme level n or n+i. We chose time level n+l,

because this term can become important very quickly.

The tnterphase drag functions, Kx and Kv, are evaluated at the cell centers and
then averaged to obtain values at the cell edges. "For example, with reference to Fig. 6a,

Kxi+t,j is evaluated as

(K) = ½ [(K x) . (K) ] (4.18a)
x i+½,j i+l,j x i,j
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wherel

(Kx) = K 0i (VS) (oS) (4.18b)i,j x ,j' 'i,j i,j

and

(V) = _ (V) + (V) (4.18o)
S i,j S i+%,j g i-_,j

(Kx)I+I,J is evaluated analogously.

Expressions for SVG, SUL, SVG, and SVL may be found in K-FIX. 2 The solids
elastio modulus, G, at cell edges is evaluated from the porosity at the oell edges obtained
by averaging the porosities defined at cell centers.
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5 SOLUTION PROCEDURE FOR FINITE-DIFFERENCE EQUATIONS

With Initial conditions given and appropriate boundary conditions Imposed, the
nonlinear flntte-dlfferenoe equations In Bee. 4 are solved iteratlvely using a point
relaxation teehnlque. Before the calculations are begun,however, the rectangular regton
In which they are to be performed must be partitioned Into cells of dimensions6x or 6r in
the x or r direction and 6y or 6z In the y or z direction. It Is within thts computing mesh
that the lterattve solutionof the finite-difference equationsIs obtained.

A perimeter of fictitious (dummy) boundary cells surrounding the computing
mesh Is used to enforce boundary conditions. The computing mesh and this boundary
perimeter are shownIn Fig. 7. The computing meshbegins at cell (2,2) In the lower left
corner and endsat cell (IBI,JB1) at the upper right corner. The fictitious (dummy)cells
are outside the computational region, Internal to the FLUFIX code, a single subscript
notation Is usedto keep track of the Indexes of cells surrounding cell (I,j), as well as the
velocities (see Fig. 8).

For example, the velocity (Ug)t+t, j has the Index IJ, as does(Yg)l,j+it. The cell
above cell (l,j) has the Index [JP.

5.1 BOUNDARY CONDITIONS

In the bottom row of boundary cells, up to two inflow openings (each having a
length that is a positive Integer multiple of 6r) may be specified. In the left column of
boundarycells, up to two Inflow openings (each having a length that Is a positive Integer
multiple of 6z) may be specified, in the top row of boundaryoellst up to two outflow

& ..... Fictitious(dummy)
| • v,, ExteriorCoils - '_t

....... +....... _....... -* ' '_ _ .......... I

(I_JBt)_ _ (IB2_JB1)i

....... _r ComputingMesh--------Ib .......

mmw.=l=_m =m=mm.=_

/

FIGURE 7 The Computing Mesh and the Surrounding
Perimeter of Fictitious Boundary Cells
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openings (each having a length that is a positive Integer multiple of _r) may be
specified. In the right columnof boundarycells, up to two outflow openings(each having
a length that is a positive Integer multiple of 6z) may be specified. Figure 9 contains a
summary of the nomenclature for each of the two openingson the four boundaries. The
cell Flag types, FL(I,J), allowed are indicated. Flag types 2 and 3 may be prescribed on
any of the four boundariesto represent rigid (or solid) cells. Flag types 5 and 6 may be
prescribed only at the left and bottom boundaries. Flag types 4 and ? may be prescribed
only at the top and right boundaries. All cells in the computing meshboundaryperimeter
that are not inflow or outflow boundary cells must be rigid cells.

Obstacles within the computing mesh are built From rigid cells, flag types
FL = 2 or 3, the positionsof which coincide with rectangular cells within the computing
mesh. Calculations are not performed In these obstacle cells, only in the remaining fluid
cells within the computing mesh.

Figure 10 Illustrates a hypothetical problem with an obstacle, to illustrate the
cell flag type usage. Cell flag type FL = 1 Is a computational cell.

5.1.i Rigid Cells

Two types of boundary conditions may be specified for a rigid (solid) celh free-
slip or no-slip (FL = 2 or 3). In two dimensions,a free-slip boundary represents a line of
symmetry or a nonadheringboundary that exerts no drag on the fluid! a no-slip boundary
represents a viscousboundarythat exerts a drag on the fluid.

Consider cell (I,J), which is a fluid cell, an inflow boundarycell, or an outflow
boundarycell. An adiabatic rigid cell is said to be a corner cell if and only If it hasat
least two adjacent edges, each of which Is shared with a fluid cell, an Inflow boundary
cell, or an outflow boundarycell. Supposefirst that cell (l,J)doesnot share an edge with
a rigid cell that Is a corner cell.

If cell (l+l,j) is a rigid cell and if free-slip boundary conditions (Fh = 2) are
imposed, then for all n

n+l n+l

(ug) = o = (u_)
i._,j i+_,j
n+l n

(vg) = (vs)
i+l,j+h i,j+_

n+l n

(V_) = (V_) (5.I)

i+l,j+_ i,j+_
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i _, byDefinitionI I I _ .....-
J+l ,MJP_IMJp-I-IJP_IJP-----IPJP .... TOP:L , _T010_R.......

L(FT- IGHT-T

T T L _'_'"°__'"'i.... !""''_''""J I MJ_I IJ"-"-IJ'-"'otJ""'-i "--
|OTTOM-L:|OTTOM-R

J-W--I.JM ....... -IJM...................INN

T t t _"'_'°'""'"°°
j-I I MJM-e'l MJM----IJM--q_'IJM----I PJM--

I J _ ._ ,,und,r. C.l, TYp.
2 SolidCeil,FreeSlip

1-t I-1/2 i 1+1/2 i+1 3 SolidCell,NoSlip

4 ContlnuoueOutflow

FIGURE8 81nlie-Bul:lorlptNotationfor , inflow Prescribed

CeUandCeU-Edp QuantitiesaboutCeU 6 i.f,o.Pro,,.,.P,ee.,Ibed
(I,J) 7 o°t,to,,f'r,,.,..I','.,,,Ibed

FIGURE 9 Boundeu_jCeU Fl_

t t t

I I 1 1 1 1 1 1 i 1 7 "_
' /,"/V-/ ....

"_ 6 I 1 1 _3_13,_ 1 , I 1 1 1 7 .-e........ ,e_/

;v_ _ FJ_ rrJlr1_ ....

,., I i 7
r.//.,

-_ //2_;_1 1 1 ' 1 4"bJLuJ J

I I I I I I ! I i I 4,,,'Z/

_./ '7/_/,d

FIGURE 10 A Hypothetical Problem
Illustrating the Cell Types
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If cell (l+l,J) is a rigid oeU and if no-slip boundary oonditiona FL = 3 are imposed,
then for all n

n+l n.l

(us) - o = (uL)
_+%,j i._,j

n+X n

(vs) - -(v s) i5.21
i+X,j+_ i,j+h

n+l n

(v_) = -(v_)
i,1,j+_ i,j+_

At a right outflow boundary (see Fig. lla), I+I, J = IB2,J! hence i+_r,j = IBl,O! l+l,J+i =
IB2,J! and l,J+i = IBI,J.

n+i n

(us) = (us)
i+_,j+1 i+_,j

n+X n

(u_) = (u_) 15.31
i+_,j+l i+_,j

n+l n+l

(v s) = o = (v_)
i,j+_ i,j+_

If cell (I,J+l) is a rigid cell and if no-slip boundary eondltlons (FL = 3) are
imposed, then for all n

n+l n

(ug) - -(u s)

n+l n

(u_) - -(u_) 15.4)
£+_ ,j+1 i+%,j

n+l n+l

(vg) = 0 = (v_)
i,j+_ i,j+_
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At a top outflow boundary (Fi_. lib), i,J+l ffiI,JB2! thus, i+i,j+1 ffiI,JB2! i+i,J ffiI,JBI! and
i,J+[ = i,JB1.

If cell (l-l,J) is a rigid cell and if free-slip boundary conditions (FL = 2) are
imposed, then for all n

n+1 n-1

(Us) = 0 = (U_)
i-_,j i-_,j

n+l n

(vg) ,, (vs) 15.5)
i-l,j+_ i,j+_

n+l n

(V_) = (V_)
i-l,j+_ i,j+_

If cell (l-l,J) Is a rigid cell and if no-slip boundary conditions (FL = 3) are
Imposed, then for all n

n+l n+l

(Og) - 0 = (09,)
i-_,j i-_,j

n+1 n

(V8) .,-(Vg) (B.6)
'+ j+_i-X,J _ i,

n+1 n+1

(v_,) _,-(v_,)
£-l,j+_ i,j+_

At a left inflow boundary (Fig. 12a), l-l,J = 1,J, and hence i-_,J = 1,J! t-l,j+½ = 1,J! and
i,J+t = 2,J.

If cell (i,J-1) is a rigid cell and if free-slip boundary conditions (FL = 2) are
imposed, then for all n

n+1 n
(U) = (U)
g g
i+_ ,j-i i+_,j
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n+l n

(u_) - (u_) 15.7)
i+_ ,j-1 i+_,j

n+l n+l

(Vg) = o - (v_)
i,j-_ i,j-_

If cell (l,J-l) is a rigid cell and If no-slip boundary conditions (FL = 3) are
imposed, then for all n

n+l n

(ug) = -(us)
i+_ , j-1 i+_,j

n+l n

(u_) = -(u_) (S.8)
i+½,j-1 i+_,j

n+1 n+l

(vg) = o = (v_)
i,j-_ i,j-_

At a bottom inlet boundary (Fig. 12b), l,j-1 = 1,1 and, hence, l+i,j-1 = !,1! i+½,j = 1,2! and
i,j-t = 1,1.

if any one of the cells (t,j+l), (t+l,j), (t-l,j), or (l,J-1) is both a rigid cell and a
corner cell, then, for both free-slip and no-slip boundary conditions, all its velocity

components located at the center of edges it shares with the fluid, inflow boundaryp or
outflow boundary cells are set equal to zero.

5.1.2 Inflow Boundary Cells

The inlet boundaries are shown in Fig. 12. For each inflow opening a pressure, P,
and a void fraction, e, must be specified. The values of P and e are those specified in the
input data.

The types of boundary conditions used are rigid (solid) cells, FL = 2 or 3; inflow
prescribed, FL = 5; or inflow pressure prescribed. The pressure, P, is required for both
FL = 5 and FL = 6 to compute the mass fluxes. However, when the inflow pressure is

prescribed, the radial or axial velocity components are computed using Eqs. 4.13-4.17.
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FIGURE 11 Top and Right Outflow Boundaries

In the calculation of the overscored momenta (Eqs. 4.9a-4.12a) required in these
equations, a special treatment of certain terms appearing in the momenta is necessary
for the inflow boundary cells. An examination of Eqs. 4.9a-4.12a for an inflow boundary
cell in the j = 1 row reveals that these equations require quantities from the nonexisting

j = 0 row. To remedy this difficulty, for any quantity (Bg)n,o or (B_)n,o needed from the

j = 0 row, the corresponding quantity (Bg)n,1 or (Be)n,1 from the j = 1 row is used

instead. A similar examination of these equations for an inflow boundary cell in the i = 1
column reveals that these equations require quantities from the nonexisting i = 0

n (Bg)on,jneeded from thecolumn. To remedy this difficulty, for any quantity (Bg)o, j or

i = 0 column, the corresponding quantity (Bg)_,j or (B¢)_,j from the i = I column is used
instead. With this reflection treatment used in the inflow boundary cells, the explicit
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FIGURE 12 Bottom and Left Inlet Boundaries

terms (called "tilde momenta") in the momentum equations, Eqs. 4.9b-4.12b, and then the
components of the gas and the liquid velocities, can be calculated using Eqs. 4.13-4.17.

Knowledge of the pressure, the void fraction, the gas and liquid temperatures,
and the gas and liquid velocities in the inflow boundary cells enables all remaining
thermodynamic, transport, ;_nd interphase quantities to be calculated for these cells.

5.1.3 Outflow Boundary Cells

The outlet boundaries are shown in Fig. 11. For each outflow opening, a
pressure, P, may be specified at the beginning of each computational cycle. For constant
boundary conditions, the value of P is that specified in the input data.
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The types of boundary conditions used are rigid (solid) eells, FL = 2 or 3;
continuous outflow, FL = 4; or outflow pressure prescribed.

For both pressure-specified and continuative outflow boundary conditions,
the void fraction, for a given cell of an outflow opening, is obtained by reflection. The
tangential components of the gas velocity are set to zero, and a numerical screen is used
to keep solids from leaving the fluidized bed. Therefore, for prescribed pressure at a top
outflow boundary, FL = 7, with reference to Fig. 11b,

n+l

P = PO (initial pressure read in)
i,JB2

n+l n n

e =e =e

i,JB2 i,JB2-1 i,JBl

n+l

(u) =0
g

i+½,JB2

n+l

(U _ ) = 0 (5.9)

i+½,JB2

n+l n+l n+l n+l

(v) = (') (v) I(o_)
g Og g g

i,JB2 £,JBI i,JBl i,JB2

n+l

(v_) = o
i,JB2

For continuousoutflowat a top outflowboundary,FL = 4,withreferenceto
Fig.11b,

n+1 n n

P =P =p

i,JB2 i,JB2-1 i,JBI

n+l n n

8 =8 =8

i,JB2 i,JB2-1 i,JBl

n+l

(U) =0
g

i+½,JB2
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n+l

(g_) = 0
i+½,JB2

n+1 n+l n+l n+l
!

(Vg) = (og) (vg) /(o_)
i,JB2 i,JBI £,JB2 i,JB2

n+l

(v_) = o (s.lo)
i,JB2

For prescribed pressure at a right outflow boundary, FL = 7, with reference to

Fig. 11a,

n+l
P

IS2,j = P0

n+l n n

0 =8 =8

IB2,j IB2-I,j IBI,J

n+l n+l

(Ug) = [(ri+l+ ri)ri+%(U_g)

IB2,j IBI,j

n+l

- (ri+1)(ri+ ½) (Ug) ]l(ri+½)(r i)

IBI-I,j

n+l n+l

(U_) = [(ri+ I + ri)ri+½(U _1

IB2,j IBI,j

n+l

- (ri+l)(ri+½)(U _) ]/(ri+½)r i
IBI-I

where:

i = IB2
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n+i n n

(Vg) = (Vg) = (Vg)
IB2,j+_ IB2-I,j+_ IBI,J

n+i n n (6.11)
) ..(v_,)

(v_) -,(v_
IB2, j+_ IB2-1, j+_ IBI ,J

For continuatlve outflow at a right outflow boundary, FL = 4, wlth reference to
Fig. 11a,

n+l n n

p =P =P

IB2,j IB2-I,j IBI,J

n+l n n

O =8 =8

IB2,j IB2-1, j IBI,j

n+l n+l

(Ug) = [(ri+l + ri)ri+_(Ug )
IB2,j IBI,j

n+l

- (ri+l)(ri+½) (Ug) ]/(ri+½)(ri)
IBI-I,j

n+l n+l

+ ri)(ri+½)(U£ )
(U_) = [(ri+ 1

IB2,j ISl,j

n+l

- (ri+l)(ri+_)(U _) ]/(ri+½)(ri)
IBI-I,j

n+l n n

(vg) = (v) = (vz)
IB2,j+_ IB2-I,j+½ IBI,J

n+l n n (5.12)

(v_) = (v_,) = (v_)
IB2, j+_ IB2-1, j+½ IBI ,J
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Knowledge of the pressure, void fraction, gas and liquid velocities, and gas and
liquid temperatures in the outflow boundary cells enables the calculation of all remaining
thermodynamic, transport, and interphase quantities for these cells.

5.2 INITIAL CONDITIONS

Six different options are available for initial conditions. They are chosen by an
input flag, called MFFLAGt and a parameter, BHITE, which is the initial height of the
fluidized bed. Table 3 is a summary of the six options.

When BHITE _- 0t there is no fluidtzed bed, and the problem is initialized as all
gas. The value of the flag MFFLAG = 1 initializes the axial gas velocity, using the total
gas flow entering at the bottom of the bed, WGY, given in Table 3. The pressure in the
axial direction is initialized by the gravity head of the gas for all three cases. For
MFFLAG = 2t the inlet pressure is set to Pit which is equal to PC (read in) plus 1.2 times
the gravity head; the inlet velocity is set uniform at minimum fluidization conditions.
(The calculation of minimum flutdization conditions is described in See. 5.3.) For

MMFLAG = 0, the axial gas velocity is initialized, using VO and THO, which are the
initial values of axial velocity and gas-phase volume fraction (read in).

Where BHITE is positive, the problem is initialized as a fluidized bed having an
initial height of solids BHITE and a free board having no solids. As in the case where
BHITE -- 0, the difference in the three options is the treatment of the gas-phase initial
axial velocity distribution and in the inlet boundary conditions.

In all cases, the pressure distribution is computed from the weight of the bed as
follows (see Fig. 13). First, the index of the cell containing the bed height is computed
according to:

JH = INTEGER (8HITE/DZ + 1.01) (5.13a)

JH1 = JH + 1 (5.13b)

where DZ is the variable name (read in from input data) for the cell dimension in the
axial direction.

The fraction of cell JH1 above the bed height is given by

DZB : JH - BHITE/DZ (5.13o)
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FIGURE 13 Pressure Distribution Initialization for MFFLAG = 3

Next, the mixture density is computed using the solids and gas densities at the
initial pressure, PC, and temperature, TEMPO, and initial gas volume fraction by

ROMIX= (i - THO).0 + THO.p (5.14)
s g

THO_ assumedto be the void fraction at minimum fiutdtzatton, which may be estimated
from =El

THO = ¢m£ = (145s)-1/3 (5.15)

where Ss ts the particle sphericity. To a high degree of accuracy, the mixture density
may be assumedconstant. This makes the computation of the initial axial pressure
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distribution simpler. The Inlet boundary pressure Pl ts set equal to 1.2 times the total
bed height, as followss

PI ,, PO + 1,2.(-CRAV)(BHITE.BOHIX) + (JB1 - JHI + DZB + 0,5) (8.16)

.oB.DZ

The inlet void fraction is set equal to 1.0.

The initial void and pressure axial distribution are thus given by

J,,lz TH(IJ) ,, 1.0 (5.17a)
P(IJ) = pT

2 _ J < JHII TH(IJ) - THO (5.17b)
e(IJ) = pI1 - (J - 1.5).DPP

J - JHlz TH(IJ) - DZB + (1.0 - DZB).THO (§.17c)
P(IJ) - PI1 - (JH1 - 1).DPP

- O.5.(DZB.DPT) . (1.0 - DZB).DPP)

JH1 < J < JB2| TH(IJ) - 1.0 (§.lTd)
e(IJ) = PO + (JB2-J).DPT

J = JB2z P(IJ) = PO (5.17e)
TH(IJ) = 1.0

A prescribed outlet boundary pressure, cell type = 7, ts recommended.

For MFFLAG = 0 and MFFLAG = 1, the Initial axial gas velocity is obtained from
VO or WGY_ respeotively_ and the partial density Is obtained by averaging. For MFFLAG
= 2t the axial gas velocity and Inlet velocity are computed from_ and set to minimum
fluidlzation conditions, which are assumed to exist at the pressure in the center of the

cell next to the distributor, J = 2 P = PMF. This pressure Is indicated tn Fig. 13. The gas
density is computed at this pressure and the input pressure TEMPO. The mininqm

fluldization superficial velocity, Vmf, is computed from the Ergun equation, written as41

_ )3 !.75 Og(1 - Cmf) V 2
A_PP= 150 (1 CmE l_Vmf + m£ (5.18a)

L 3 (d _s) 2 ¢3£dp¢ s¢m£ p
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The ul_ velocity ts then computed as followss

VG(IJ) " Vmf/(0.5(RGP(IJP) + RGP(IJ)) (5.18b)

The pressure drop, aP, used is

Ap = ROMIX.(-GRAV).BHITE (§.180)

and L is the bed height, BHITE.

Because the inlet void fraction is assumed to be 1.0, the inlet velocity VG(I,1) is

set equal to Vmf.

This completes the description of the present approach. Future versions of the
FLUFIX code will extend the foregoing initial-condition treatment.

5.3 8OLUTION PROCEDURE IN THE FLUID CELI_

Assume that computational cycle n Is completed and that all boundary conditions
for computational cycle (n+l) are imposed. Then the first step In this solution procedure

iS the calculation of the tilde momenta, (o_S), (o_S), (o_), and (_Y_), using
Eqs. 4.9b-4.12b, and Kn and Gn for all fluid cells and all inflow boundary cells. From
these quantities, estimated values of the velocity components are calculated, using
Eqs. 4.13-4.17. These velocity estimates are then used to obtain estimates of the mass
fluxes for the cells:

n+ <( , n+l )n+l>
<(Og)n+1 (Ug) I r>, Og) (Vg

,)n+l (V9)n+l > (5.19),)n+l (u_)n+l r>, <(_)_,<(Pg.

This is called the "explicit stage" of the solution procedure, outlined in Fig. 14. in the
K-FiX computer code, a parameter denoted by 8' causes a switch in the solution
procedure when the gas-phase volume fraction, 8, falls below that value (0 < 0'). In
FLUFIX, we recommend using a value of e* low enought that e is never less than e*. At

present, 0* = 0.19 ts used! thus, only a gas mass residual, (D_), is used to adjust the
pressure. The solution procedure described below, called the "implicit stage" (see
Fig. 14), is only for 8 =_8'. (The coding for 0 < e* exists but is Inactivated.)

The next step is the iterative part of the solution procedure, as indicated in

Figs. 14-15. The pressure is adjusted In each fluid cell until the gas mass residual, Dg, is
smaller in magnitude than a specified small quantity convergence, CONV, simultaneously
in all fluid cells. For cell (i,J), the mass residuals are
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n.l n n.l n.l

') - (') . 6t [<(o_) (Us) r>. /(ri6r)
(Dg)i, j = (og t,j °s i,j _'J (5.2oa1

n+l n+1

+ <(o_) (vs) >/_1

and the value of the convergence criterion is

n+l n n _,

(Dg)i,j S CONVi,j= EPSC (0_)i'j for 0i,j _ O (5.20b)

where EPSO is read in. The default and recommended value of EPSG is 5 x 10"4.

If D. fails to satisfy the convergence criterion in cell (l,J), the pressure is

adjusted lter_ttvely in this cell in subroutine ITER, as shown in Fig. 15. For el,j >_e* as

11

Pi,j" m(D ) /(_Dg/aP)i j-_ P (5.21)g i,j , i,j

Thlsisequivalentto usingNewton'smethod42 foreachcell,where _ Isa parameterfor
under(_< 1)orover(_> I)relaxatlon.The presentFLUFIX defaultvalueis_ = 1.

The lengthyderivationof _D_/_P was fflvenfirstby Harlow andAmsden, whose
mass residuedifferedfrom thatof theK-FIX code by a factorof 1/6t.20 We use the

formulafor 8Dg/_P derivedby theseauthorsand extendedby ustoaccountforKx and
Ky as

8_ n (6t)2_I n en' ' i,j i+_,j '

n n n

[Cu_} - C",} l

n _ n n
-_ CZx) C_] [Cu_) -[ug] ]

i-_ i+t_,j i,j i-½,j i-_,j

_C n n
+¢6t--!2 e + e )

_z i,j+_ i,j-_
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n n

i,j i, i,

n r| ]I

- K -(v,)( i,j-

To complete the derivation requires the velocity derivatives, obtained through the
differentiation of Eqs. 4,13 tl_ough 4.16 evaluated at time level n. The details are given
by Harlow and Amsden. 20 Equation 5.22 is an approximation to the P derivative of Eq.
5.19. Geometrically, the left side of Eq. 5.21 is the value of the pressure at the point

where the line with slope (dDg/dP)i, j, passing tl_ough point (Pl,j,[Dg(Pl,j)]i,j), intersects
the P-axis in the (P, Dg)-plane.

At this stage, Just before the new velocities are calculated, an estimate of the
void fraction is needed. If en

i,j _ 0% in this ease, the latest available value of the void
fraction is a sufficiently accurate estimate, and no special treatment is needed.

From this estimation of void fraction, new values of the velocity components are
calculated, using Eqs. 4.13-4.17. These new velocity components reflect the new values
of the pressure, void fraction, and densities.

If e_,j _>e*, then the new velocities are used to calculate new mass fluxes for the

')?+_-"from the liquid continuity equation, Eq.liquid and a new value of (0_
4.8. From this

,)n+l. ,a new val_u_ofthevoidfractioniscomputedfrom
valueof (o_ i,j

n+l n+l

') / (o£) (5.23)0 = I - (oR, i j
i,j i,j '

and a new value of the gas macroscopic density is computed from

n+l n+l

' ) = 0 (0g)i j (5.24)
(0g i,j i,j '

The mass residual (Dg)i, j is then calculated, if it satisfies the convergence criterion, the

calculations for cell (i,l) are completed, and the iteration procedure is begun in the next

cell. If (Dg)i, j does not satisfy the convergence criterion, an additional pressure
adjustment and the ensuing calculations are made, unless the number of pressure
adjustments in cell (i,l) would exceed the parameter LMAX. In the latter situation, the
iteration procedure also is begun in the next cell. At present, LMAX is set equal to five.
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A new value of (Dg)i, j follows each pressure adjustment. The initial pressure

adiustment is necessary if the mass residual does not satisfy the convergence criterion

and, if necessary, is made using P_,j in Eq. 5.21. After the ensuing calculation, further

pressure adjustments using Eq. 5.21 are made until a mass residual satisfying the
convergence criterion is obtained, the number of pressure adjustments in cell (i,j) is

LMAX, or a pair of pressures, P1 and P2 (the corresponding mass residuals of which, D1
and D2, have different signs and do not satisfy the convergence criterion), is obtained.
Without loss of generality, D 1 may be assumed to be positive (Fig. 16a). In the first two
eases, the iteration procedure starts in the next cell; in the third case, a new pressure-
adjustment technique is used, because continued use of Eq. 5.21 in the third case may not
lead to mass residuals that satisfy the convergence criterion.

With reference to Fig. 16a, in order to apply the pressure-adjustment technique

to the third case, a third pressure, P3, between P1 and P2 is needed. This pressure is
obtained as follows:

P3 = (P2D1 - PID2)/(DI - D2)" (5.25)

As shown geometrically in Fig. 16a, P3 is the value of the pressure at which the line
through the points (P1,D1) and (P2,D2) intersects the P axis in the (P,D) plane. The value
of the derivative of the mass residual with respect to the pressure is then changed to

(dDg/dP)i,j = (DI - D2)/(PI - P2). (5.26)

This techniqueisbasicallya Reguli-falsi,or false-position,method.42

Because the maximum number of pressureadjustmentspermitted in each cellis

LMAX (see Fig. 15), the mass residualsmay not satisfythe convergence criteria

simultaneouslyin allcellsafter a singleseriesof pressureadjustments. If thisisthe
case,itisnecessaryto repeat the seriesof pressureadjustments,again permittingup to

LMAX adjustmentsand using "% 5.21 to initiatethem. Should the pressurein cell(i,j)
need adjustingduringthisnew seriesof adjustments,the derivativeof the mass residual

given by Eq. 5.26 ensuresthat the new pressureobtainedfrom Eq. 5.21 willresultin a
mass residualsmaller than that correspondingto the originalpressure. The use of Eq.

5.22may not lead toa new pressureforwhich the mass residualissmaller.

After the new pressure,P3' has been obtainedusingEq. 5.25,the mass residual

D 3 is obtained as discussedpreviously.If D 3 satisfiesthe convergence criterion,the
iterationprocedure commences in the next cell. Otherwise,three pressuresexist,PI'

P2' and P3' such that P3 isbetween P1 and P2 and the respectivemass residualsD1, D 2,
and D 3,do notsatisfythe convergence criterionincell(i,j),D 1 > 0,and D 2 < 0.
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_Wlth three pressures and their mass residuals obtained as described, or otherwise,
a constrained two-sided secant technique is used to obtain further pressure adjust-

ments. 2 From these pressures and their mass residuals, the pressures PA and PB are
obtained, where

(P3D1 - P1D3)/(D1 - D3) for D1 _ D3

PA ffi (5.27)
(P2 + P3)/2 for D1 = D3

and

(P3D2 - P2D3)/(D2 - D3) for D2 $ D3

PB = (5.28)

(P1 + P3)/2 for D2 = D3

Geometrically, PA for D 1 _ D 3 is the /

value of the pressure at the point where _(P1,D1)

the line through points (P1,D1) and (P2,D2) _ "*"I

interseets the P axis in the (P,D) plane; =_ *)
and PB for D2 _ D3 is the value of the ._ "/

pressure at the point where the line _ .r "'*" _/_.t

through points (P2,D2) and (P3,D3) _ /__'pintersects the P axis in the (P,D) plane _ .D) Pressure, P

(see Fig. 16b). If D3 > 0 and PA is not _ _ (P3,0)
between P2 and P3' then (P2,D2)

PA = (P2 + P3)/2 (5.29) (o) ReguliFolelMethod

replaces the PA of Eq. 5.27; if D3 < 0 and t

PB is not between Pl and P3' then

•l (PI,D1)
ISS

PB = (P1 + P3)/2 (5.30) '_ --//,.j
replaces the PB of Eq. 5.28. Using P A _ P_,_B

from Eqs. 5.27 or 5.29 and PB from Eqs. =E _,a_°"v Pressure, P

5.28 or 5.30, the new estimate for pn, j is _ oo.j_" (P3,D3)

n+1 (P2,D2)
P = (PA + PB)/2. (5.31)

i, j (b) ConstroinedTwo-SidedSecantMethod

FIGURE 16 Solution Methods for
Pressure Coreeetion
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The sequence of caleulations following any pressure adjustment then leads to the
calculation of a mass residual eorresponding to this new pressure. If the mass residual
satisfies the convergence criterion, then the iteration procedure begins in the next cell.

Otherwise, if D3 > 0, then P3 becomes P1 and D 3 becomes D1; or if D3 < 0, then P3

becomes P2 and D3 becomes D2. The new values of P3 and D3 are the estimate (from

Eq. 5.31) of pn+l. and its mass residual, respeettvely. The new values of P1, P2, and P3,J

and D1, D2, and D 3 are then used to obtain a new pressure estimate using the
constrained, two-sided secant technique. A new mass residual is obtained, and this
pressure-adjustment technique is repeated, if necessary, until a mass residual satisfying
the convergence criterion is obtained, or a total of LMAX pressure adjustments is
made. In either case, the pressure adjustments are begun in the next fluid cell.

Several series of pressure adjustments may be necessary to obtain mass residuals
that satisfy the convergence criteria simultaneously in all fluid cells. In FLUFIX/MOD1,
each such series is counted as one iteration. At present, the number of iterations is
limited to 100.

If, during any iteration, (Dg)i, j for e_,j >_ e* satisfies the convergence
, n+l

criterion,then (p£)i,_j iscalculatedto ensure mass conservationforthe liquid.Also,in
8n+l 8')n+l

this case, i,j and ( g [,j are calculated using Eqs. 5.23 and 5.24, respectively.

When the mass residuals satisfy the convergence criteria simultaneously in all
cells, a solution to the mass and momentum equations is obtained for computational
cych (n+l). Figure 15 summarizes the iteration scheme, as solved in subroutine ITER.

5.4 STABILITY OF THE NUMERICAL SCHEME

No detailed numerical-stability analysis has been performed for the IMF
numerical scheme. However, approximate analyses have been performed. Prosperetti
performed a linear stability analysis on the one-dimensional equations with constant
densities and drag coefficient for Hydrodynamic Model A43 and found that, without
drag, because of the complex characteristics, the numerical scheme is unstable. For
finite interface drag and long wavelengths, Prosperetti found stability, provided that the
drag was sufficiently large. This problem should not exist for Hydrodynamic Model B.

Appendix A presents a possible explanation of why there are usually no stability
problems, computationally, even for Hydrodynamic Model A.
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6 GLOBAL STRUCTURE OF THE FLUFIXj'MOD2 COMPUTER PROGRAM

In this section, the global 1_tructure of the FLUFIX/MOD2 computer program is
described. First, however, it is necessary to describe briefly the FLUFIX/MOD2
subroutines.

6.1 FLUFIX/MOD 2 :SUBROUTINES AND THEIR FUNCTIONS

An alphabetical listing of the FLUFIX/MOD2 subroutines, together with brief
descriptions, follows:

BDRY Sets the velocity boundary conditions in all rigid cells and in
all outflow boundary cells; sets the remaining boundary
conditions in all outflow boundary cells.

BETAS Calculates the reciprocal derivatives of the mass residuals
with respect to pressure for the iteration procedure.

CNVERT Calculates the values of the microscopic and macroscopic
densities from the pressure, temperatures, and void
fraction.

EOSG Calculates from the pressure and the temperature, the
microscopic density and the reciprocal of the speed of sound
squared for the gas.

EOSL Calculates from the pressure and the temperature, the
microscopic density and the reciprocal of the speed of sound
squared for the liquid.

FLIC Sets cell flags on the basis of input data.

INDEX,

INDEXA Calculate indexes for array quantities and reflect cell
quantities in the rigid cells.

ITER Calculates the iterative solution of the mass and momentum

equations.

KDRAGG Calculates the Richardson-Zaki equation for vapor volume
fraction 0 > 0.S.

o

KDRAGL Calculates the Ergun equation for vapor volume fraction
e < 0.8.
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KDRAGS Calculates the values of the interphase friction function;
calls KDRAGG and KDRAGL.

MASFG,
MASFGA Calculate the mass fluxes for the gas.

MASFL,
MASFLA Calculate the mass fluxes for the solids.

NEWP Calculates a new estimate of the advanced time pressure
from three (pressure, residual) points.

PROG Controls the main part of the calculation.

RTAPE5 Reads a restart tape from Unit 9 and initializes all array
quantities in all cells for a continuation of a previous
calculation.

SETC Sets the C array, which is used to store equation of state or
transport properties data, coefficients of functions, and
related constants.

SETUP Sets some problem constants and defines the initial values
of quantities in the fluid and inflow boundary cells, using
the input data and prints the flags.

SETXTRA Calls the subroutines EOSC, EOSL, and KDRAGS.

THGAS Calculates the void fraction implicitly from the gas
continuity equation (retained but disabled, because 0 is
assumed to be _>0").

TILDE Calculates momenta due to convection and gravity and
velocity estimates in all fluid cells and inflow boundary
cells.

TLEFT ANL off=line subroutine, calculates the time remaining for
the job in increments of 0.01 s (e.g., 1 s = 100 units of 0.01 s
left).

UGMOMF Calculates fluxes of radial momentum for the gas (r or x
direction).

UGVS Calculates the stress tensor terms SVG used in UGMOMF.

ULMOMF Calculates fluxes of radial momentum for the solids (r or x
direction).



51

ULVS Calculates the stress tensor terms SUL used in ULMOMF.

VELS Calculates the gas and solids velocities.

VGMOMF Calculates fluxes of axial momentum for the gas (z or y
direction).

VGVS Calculates the stress terms SVG used in VGMOMF.

VLMOMF Calculates fluxes of axial momentum for the solids (z or y
direction).

VLVS Calculates the stress tersm used in VLMOMF.

6.2 NEW SUBROUTINE NAMES OBTAINED FROM K-FIX

Included in the foregoing are several subroutines that were entry points in the K-
FIX code. These were made separate subroutines in FLUFIX:

INDEXA was an entry point in subroutine INDEX.

MASFGA was an entry point in subroutine MASFG.

MASFLA was an entry point in subroutine MASFL.

VELS2 was an entry point in subroutine VELS.

In addition, there was one name change:

CNVERT was subroutine CONVERT.

6.3 SUBROUTINES AND LASL EXTERNAL SUBROUTINE CALLS DELETED
FROM K-FIX

In the process of creating FLUFIX, the following subroutines, which are listed
here for reference, were deleted from K-FIX:

ADV LASL external plotting routine call.

ASURFS Calculates the interphase surface area per unit volume, the
gas bubble or liquid droplet radius, and the ratio of these
quantities.

BOIL Calculates the evaporation rate.

CNPLOT Contour plotting.
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COND Calculates the condensation rate.

DATAREL LASL external plotting routine call.

DLIO Calculates the liquid mass residual from the solids
continuity equation.

DLNLN Purpose unknown! called by subroutine GRAPH.

DVAP Caieulates the gas mass residual from the continuity
equation.

FRICT Calculates by Iteration the Colebrook friction factor from a
specified Reynolds number for a fixed surface roughness.

GETO LASL external plotting routine call.

GRAPH Automatically graphs a set of points.

HEATCG Calculates the heat flux for the gas, using the gas
conductivity.

HEATCL Calculatesthe heat flux for the solids,using the solids

conductivity.

ICONV Updates the specific Internal energies to account for the
effects of convection, viscous and pressure work, and
conduction.

IGIL Updates the specific internal energies during the iteration
procedure, to account for the effects of mass, momentum,
and energy exchange.

IGVS Calculates the viscous stress work terms in the gas-spectflc
internal energy equation.

ILVS Calculates the viscous stress work terms in the solids-

specific internal energy equation.

LINCNT LASL externalplottingroutinecall.

RHEATS Calculates the values of the interphase heat-transfer
function.

SAT Calculates the saturationtemperature, latent heat, and

othersaturationquantitiesfrom the pressure.

SBLIN Purpose unknown; calledby GRAPH.
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SIEGF Calculates fluxes of specific internal energy for the gas.

SIELF Calculates fluxes of specific internal energy for the ,_dlds.

SLLIN Purpose unknown; called by GRAPH.

THERCON Calculates the thermal conductivities of the gas and the
solids.

THF Calculates fluxes of void fraction for the energy equations.

TRANS CallsthesubroutinesTHERCON and VISC

TURBD Calculates the turbulent thermal diffusivities for the gas
and the solids.

VISC Calculates the microscopic and turbulent viscosities for the
gas and the solids.

VPLOT Vector plots.

VWORKG Calculatestheviscousworkforthegas.

VWORKL Calculatestheviscousworkforthesolids.

6.4 FLUFIX PROGRAM STRUCTURE SYNOPSIS

The FLUFIX/MOD2 program structure and the main subroutine calling sequence
are shown in Fig. 17. The calculation begins with the FLUFIX/MOD2 main program,
where the input data are read and printed. (These input data are given in See. 7.) If the
calculation is being continued from the results of a previous calculation, subroutine
RTAPE5 is called to define the values of all array quantities in all cells. These

quantities include P, 0, Ug, Vg, Ug, Vg, and their sums for time-averaging. Otherwise,

these quantities are obtained from the input data. Subroutine FLIC is called to assign
the values to the matrix of flags FL(I,J), used to distinguish the various types of cells in
the computing mesh and its boundary perimeter. The seven types of cells, described in
Sec. 5.1, are repeated here for reference:

FL(I,J) = 1 for a fluid cell
= 2 for a solid (rigid) cell with free-slip boundaries
= 3 for a solid (rigid) cell with no-slip boundaries
= 4 for a continuative outflow boundary
= 5 for a specified inflow cell
= 6 for a specified inflow pressure
= 7 for a specified outflow pressure
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FIGURE 17 FLUFIX Program Structure and the Main Subroutine Calling Sequence
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Subroutine SETUP is called to define various problem constants and to calculate

' ' Kx, and 1( from the input data, using subroutine CNVERT,values for os, og, o_, 0_, y
which, in turn, calls EOSG, EOSL, KDRAGS, KDRAGG, and KDRAGL.

Subroutine PROG is then called. PROG controls the main part of the
calculation. Subroutine BDRY is called to set boundary conditions in the rigid cells and
the outflow boundary cells. The rigid walls can be specified along any mesh boundary.
The free-slip wall can serve as a reflective plane of symmetry. Two Inflow opentngs
each can be specified along the bottom and left boundaries. Similarly, two outflow
openings each can be prescribed along the top and right boundaries. The boundary
conditions are enforced, using the fictitious boundary cells, for which flags may be
programmed, as shown in Figs. 9 and 10. For rigid walls, the tangential velocities in the
fictitious cells are set by reflection for a free-slip wall and by reflection with a change
in sign for no-slip walls. The oontinuative outflow boundaries are gradient-free in their
normal direction.

Flow around rectangular obstacles may be calculated by specifying rectangular
obstacles in the computing mesh interior. Obstacles are built from rectangular cells.
Their boundaries can be a combination of free-slip and no-slip rigid walls. The obstacle
boundary conditions are enforced in the same way as they are around the mesh
perimeter. To enforce the velocity boundary condition properly, obstacles must be at
least two cells wide.

At this stage, all the boundary conditions discussed in Sec. 5.1 are imposed for
this computational cycle, and the solution scheme in the fluid cells, discussed in See. 5.2,
begins. This scheme commences with the calling of subroutine TILDE. In all inflow and
fluid cells, TILDE calculates the tilde momentum densities given by Eqs. 4.ga-4.12a, the
values of the lnterphase friction function, estimates of the new velocities, and the mass
fluxes. Subroutine BETAS is called to calculate the convergence criteria from Eq. 5.20

and the values of dDg/dP as given by Eq. 5.22.

Subroutine ITER is called to adjust the pressure in each fluid cell until the
convergence criteria are met simultaneously in all fluid tolls or 100 iterations are
completed. Also in ITER, the latest values of the velocities, pressure, and void fraction
arecalculated.

At the end of the iterationcycle,data print,dump, and plotoptionsare
checked.At thattlme,dataaresenttothepaperoutputfiles,thecontentsofthearrays
are writtenon restarttapeTAPE10, or toUnits12-14forlateruse inthepost-process
plottinganderosioncomputerprograms.IftheprogramterminatesbecauseofCPU time
beingexceeded(minusapproximately10seconds),a restartIswrittentoUNIT10.

Thiscompletesthe computationalcycle. If the time to stophas not been
reached,thenthesequenceofstepsinPROG isrepeated.

AppendixB liststheFORTRAN symbolsand theirdescription.
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7 DKBCRII_ON OF FLUFIX/MOD| INPUT DATA

In this section, the FLUFIX/MOD2 Input data are described. Free format has
been used for FLUFIX/MOD2 using FORTRAN 77 as opposed to the foemated input for
FLUFIX/MOD1 using FORTRAN 66.

Line No. 1

NAME (Format 40A2)

NAME = Problem Identifier (up to 80 columns)

Line No. 2

CPSTOP

CPSTOP = Time in units of 0.01 e to allow sufficient time for restart and
plot flies to be wrlt* ,, to disk when CPU time is up. Used with
ANL system subrouti,.,e TLEFT. A value of 1000. Is adequate
but, at present, it must exceed the time required foe converging
a time step.

Line No. $

IB2,JB2 (Integers)

IB2 = Total number of cells in x or r direction.
JB2 = Total number of cells in y or z direction.

Line No.4

SCALE(I),I= 1,4

SCALE(1) = Lengthscale.
SCAI,E(2) = Velocityscale.
SCALE(3) = Densityscale.
SCALE(4) = Temperaturescale.

These are the scale factors used to establish the dimensionless Input data. At present,
they are set to 1.0.
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Line No. S

ITC, DR, DZt BHITS

ITC : 2 for one-dimensional spherical coordinates (use not
recommended).

= 1 for axtsymmetrto cylindrical coordinates.
= 0 for Cartesian coordinates.

DR = 6r or 6x, the cell dimension in the r or x direction, era.

DZ = 6z or 6y, the cell dimension in the z or y direction, ore.

BHITE = Height of fluidized bed where solids are present, era.

Line No. 6

KFL[N(M), M = t,4 (Integers)

KFLIN(M) = Cell flag types for the inflow boundaries, BOTTOM-L and
BOTTOM-R openings (M = 1,2) and LEFT-B and LEFT-T openings
(M = 3,4). Refer to Fig. 9.

Line No. 7

FLO(M),M = 1,4

FLO(1) and FLO(2) are the x or r coordinates of the left inflow opening on the
BOTTOM-L boundary, ore! FLO(3) and FLO(4) are the x or r coordinates of the
right inflow opening on the BOTTOM-R boundary, era. Refer to Fig. 9.

Line No. 8

FLO(M),M ffi5,8

FLO(5) and FLO(6) are the y or z coordinates of the bottom inflow opening on the
LEFT-B boundary, era! FLO(7) and FLO(8) are the y or z coordinates of the top
inflow opening on the LEFT-T boundary, era. Refer to Fig. 9.

NOTEz The coordinates of the openings along the left boundary must be integral
multiples of 6z! those along the bottom boundary must be integral multiples of
6r. The openings on the bottom and left boundaries are, by definition, inflow
openings. A maximum of two openings may be specified along each boundary.
Figure 18 shows examples with two, one, and zero flow openings along the
bottom.
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FIGURE 18 Example _nowlngTwo, One,
and Zero Inflow Openings along the
Bottom Boundary

Line No. 9

KFLOUT(M), M = 1,4 (Integers)

KFLOUT(M) =Cell flag types for the outflow boundaries, TOP-L and TOP-R
openings (M = 112) and RIGHT-B and RIGHT-T openings (M = 3,4).
Refer to Fig. 9.

Line No. 10

FLO(M),M = 9,12

FLO(9) and FLO(10) are the x or r coordinates of the left outflow opening on the
TOP-L boundary, cm; FLO(lt) and FLO(12) are the x or r coordinates of the right
outflow opening on the TOP-R boundary, era. Refer to Fig. 9.

Line No. 11

FLO(M),M = 13, !6

FLO(13) and FLO(14) are the y or z coordinates of the bottom outflow opening on
the RIGHT-B boundary, ore; F[,O(15) and FLO(16) are the y or z coordinates of
the top outflow openingon the RIGHT-T boundary,era. Refer to Fig, 9.
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NOTEs The coordinates of the top boundary must be integral multiples of 6x or
_r, and those along the right must be integral multiples of 8y or 8z. The openings
on the top and right boundaries are, by definition, outflow openings. A maximum
of two openings may be specified along each boundary.

Line No. 12

NSL(M), M = 1,4

NSL(M) indicates free-slip or no-slip boundary conditions for rigid walls
adjoining the dummy cells around the computing mesh perimeter. Values of 0 for
free-slip or 1 for no-slip are assigned for the bottom (M = 1), left (M = 2), top
(M = 3), and right (M ffi 4) boundaries, in that order. The assigned values are
ignored across Inflow or outflow openings. This flag overrides KFLIN or
KFLOUT = 2 or 3.

Line No. 13

NO, MFFLAG (Integers)

NO = Number of interior obstacle cells. Each obstacle region
consistingof obstacle cells must contain at least two cells In the
r direction and two In the z direction to enforce no-sllp boundary
conditions unequivocally when the viscous shear terms are
present. If this is not done, the obstacle region shouldbe made
free slip. By combiningseveral obstacles, complex shapescan be
obtained. If NO = 0, no additional lines are read. If NO > 0, then
one line Is read for each obstacle. The format of Line No. 13 +
N, N = 1, NO, NO > 0, describes the format for obstacle N.
Note: Present!y NO = 20 and mus.___ttbe increasedIf NO > 20.

MFFLAG, a flag usedin conjunction with the parameter BHITE on line no. 5, is
used to initialize the axial pressure and gas velocity distributions. Refer to
Table 3 and See. 5.2 for a summary and detailed description of the six
combinations.

MFFLAG = 0 The initial axial and radial gas velocities are computed from UO
and VO, line no. 14 + N, and the axial void equation, e(l,J).

U_.(I,J)= UO/e(l,J)

Vg(!,J)VOI0(I,J)

MFFLAG = I WGY (gasmassflux)iscomputed fromthetotalbottom inletget

flowonly.Then Vg(I,J)= WGY/((0.5.(RGP(IJ)+RGP(IJP)))UG(I,J)
= 0.
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MFFLAG = 2 WGY is computed for minimum fluidization. Then V_(I,J) and

Ug(I,J) are computed as for MFFLAG = 1. The entire inlet
bottom gas velocity is set to minimum fluidization velocity, the
inlet porosity is set to 1.0, and the inlet pressure is set 20%

greater than the total weight of the fluidlzed bed.

Line No. 13 + N*

NOS(N),(OB(M,N), M = 1,4)

NOS(N) = 0 for free-slip boundary conditions for obstacle N.
= 1 for no-slip boundary conditions for obstable N.

OB(1,N) = x or r coordinate of the left side of obstacle N, cm.

OB(2,N) = x or r coordinate of the right side of obstacle N, cm.

OB(3,N) = y or z coordinate of the bottom of obstacle N, cm.

OB(4,N) = y or z coordinate of the top of obstacle N, era.

Line No. 14 . N

UO, VO, PC, THO, TEMPO, GY

This card specifies the uniform initial data used to begin the calculation.

UO = Initial radial velocity of the liquid and gas, cm/s.

VO = Initial axial velocity of the liquid and gas, cm/s.

PC = Initial pressure, dynes/cm 2.

THO -- Initial void fraction.

TEMPO = Initial temperature of the liquid and gas, K.

GY = Gravitational acceleration in the y or z direction, normally
-980. cm/s 2.

Nonuniform initial data may be specified by modifying the subroutine SETUP.

*N= 1, NO, NO> 0.
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The next four lines are used to specify the boundary conditions for the bottom
and left inflow boundaries. In summary, the order is as listed in Table 4 (refer to Fig. 9).

Note: Velocities in the transverse direction on each boundary are over-written by no-slip

or free-slip boundary condition prescriptions (see line 12).

Line No. 15 + N

UINL, VINL, PINL, THINL, TEMPINL

UINL = Radial superficial velocity of the liquid and gas entering the
inflow opening along the BOTTOM-L computing mesh boundary,
cm/s.

VINL = Axial superficial velocity of the liquid and gas entering the
inflow opening, em/s.

P[NL = Pressure of the incoming fluid, dynes/era 2.

THINL = Void fraction.

TEMPINL = Temperature of the inflowing liquid and gas, K.

TABLE 4 Summary of Boundary Condition Variables

Velocity
Line Void

No. Boundary Radial Axial Pressure Fraction Temperature

15+N Bottom-Left UINL VINL PINL THINL TEMPINL

16+N Bottom-Right UINR VINR PINR THINR TEMPINR

17+N Left-Bottom UINB VINB PINB THINB TEMPINB

18+N Left-Top UINT VINT PINT THINT TEMPINT
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Line No. 16 + N

UINR, VINR, PINR, THINR, TEMPINR

UINR = Radial superficial velocity of the liquid and gas entering the
right inflow opening along the BOTTOM-R boundary, em/s.

VINR = Axial superficial velocity of the liquid and gas entering the right
inflow opening, em/s.

PINR = Pressure of the incoming fluid, dynes/era 2.

THINR = Void fraction.

TEMPINR = Temperature of the inflowing liquid and gas, K.

Line No. 17 + N

UINB, VINB, PINS, THINB, TEMPINB

UINB - Radial superficial velocity of the liquid and gas entering the
bottom (lower) inflow opening along the LEFT-B computing mesh
boundary, cm/s.

VINB = Axial superficial velocity of the liquid and gas entering the
bottom inflow opening, em/s.

PINB = Pressure of the incoming fluid, dynes/cm 2.

THINB = Void fraction.

TEMPINB = Temperature of the inflowing liquid and gas, K.

Line No. 18 + N

UINT, VINT, PINT, THINT, TEMPINT

UINT = Radial superficial velocity of the liquid and gas entering the top

(upper) inflow opening along the LEFT-T computing mesh
boundary, c m/s.

VINT : Axial superficial velocity of the liquid and gas entering the top
inflow opening, em/s.

PINT : Pressure of the incoming fluid, dynes/cm 2.
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THiNT = Void fraction.

TEMPINT = Temperature of the inflowing liquid and gas, K.

Line No. 19 + N

ITD, NTD, NSDMP, NFILE, NWDMP (Integers)

ITD = 0 No restart file ts written, and no restart file is read (NTD through
NWDMP are not used).

ITD = 1 Restart file is written to UNIT10, but no restart file is read. Used
to start a problem at time zero.

ITD : 2 Restart file is read from UNIT9, but no restart file is written.

ITD = 3 Restart file is read from UNITg, and restart file is written to UNIT
10. Used to restart a problem at time greater than zero.

NTD = Number of the last post-processing data set written (dumped) to
UNITS 12-15, e.g., 30.

NSDMP = Number of computational cycles between writes (dumps) on
UNITS 12-15 (normally = 0).

NFILE = Number of the lastdump thatwas writtento UNITS 12-15,e.g.,
30.

NWDMP = Number of the firstdump to be written to UNITS 12-15.

Generally,NWDMP = NFILE + 1,e.g.,31.

Note 1: NTD, NSDMP, NFILE, and NWDMP are for bookkeeping purposes only
and do not control the dumping.

Note 2: A restartdata set is also written to UNIT 10 every dump and then

writtenover when the next dump isproduced.

Line No. 20 + N

TIME, TSTOP, DT, CYCLE

TIME = Initialtime for the problem. TIME is also a counter and is
advanced by _t each cycle.

TSTOP = Time at which the calculationisto stop. The totalnumber of

computationalcyclesto be made is(TSTOP -TIME)/DT.
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DT = 6t9 the computational time step.

CYCLE = Number of the computational cycle at which the calculation is to

(Integer) begin. CYCLE is also a counter that is advanced by one each
time step. Note: TIME and CYCLE are used for bookkeeping
purposes only and do not control anything.

Line No. 21 + N

LPR, TPR, TPL, TPLD

LPR = 2 Allows standard output to be written to UNIT6.

(LPR should be set to 2.)

TPR = Time interval for standard output to be written to UNIT6.

TPL = Time interval for writing plot information for porosity, pressure,
and gas and solids velocities to UNIT12 through UNIT15, in that
order (as shown in Fig. 17). Note: A restart data set is also
written to UNIT 10 every dump and then written over when the
next dump is produced.

TPLD = Used to determine frequency of printing solids mass balance.
Also used as the time interval for time-averaging of these same
variables.

Line No. 22 + N

ROLC1, ROLC2, ROLC3

Parameters for the solids state equation,

3
0 = ROLC1+ ROLC2.T + P(IJ).ROLC3/T, g/cm

S

Line No. 23 + N

ROGC1, ROGC2, ROGC3

Parameters for the gas state equation,

0g = ROGCl + ROGC2.T + P(IJ)/ROGC3.T

See See. 3.3 for details and units for lines 22 + N and 23 + N.
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Line No. 24 + N

MMUG, PHI, DIAP

PHI = Particle sphericity, _s (0.0 < _s _< 1.0). The default value is
0.86.

DIAP = Partiele diameter, era. The default value is 0.0503 cm.

MMUG = Fluid viscosity, poise, used in the interphase drag. The default
value is 1.82 x 10-4 poise.

Line No. 25 + N

THSTAR, OMEGA, DOMEGA, EPSG, EPSL

THSTAR = e*, switch over-porosity for numerical solution scheme.

OMEGA = Over- or under-relaxation parameter for pressure iteration.

DOMEGA = Second over- or under-relaxation parameter for pressure
iteration.

EPSG = Convergence parameter for 0 >_ e_

EPSL = Convergence parameter for e < e_

Line No. 28 + N

SLOPE, THZERO

Parameters forthe elasticmodulus G = exp[-SLOPE(e - THZERO)], dynes/cm2.

Line No. 27 +N

MUG, MUL, LAMBG, LAML (Reals)

MUG = Fluidviscosity,poise,used in the viscousstressEq. 3.21.The
defaultvalueis1.82x I0-4poise.

MUL : Solids viscosity, poise, used in the viscous stress Eq. 3.21. The
default value is 1.0 poise.

LAMBG = Coefficient in the fluidviscous stressEq. 3.21. The default
value is2./3.
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LAMBL = Coefficient in the fluid viscous stress Eq. 3.21. The default
value is 2,/3.

See Sec. 3.5 for details for line 2'f + N.

Line No. 28 + N

IPRES, IVG, GX

IPRES = 0 Selects Hydrodynamic Model B.

IPRES = 1 Selects Hydrodynamic Model A.

IVO = 1 Solids inlet velocity remains as input.
= 2 Solids inlet velocity is set to zero.

GX = Gravitational acceleration in the x or r direction, normally
0.0 cm/s 2.

Line No. 29 + N

IDRAG, ISLIP(Integers)

IDRAG = 0 Vector form of interphasedrag isused.
=i Scalarform of interphasedrag isused.

See See.3.1.

ISLIP -_0 Partialslipsolidsboundary isnot actuated. Free-slipor no-slipare
used as describedinSec. 5.1.

- 1 Partialsllpsolidsboundary conditionisactuated according to the

model shown below This boundary conditionoverridesthe free-slip
or no-slipboundary conditionsat all boundariesaccording to the

model sketchedbelow fora boundary on the right(Fig.19).

If inputlinesare missingor not assignedfor some parameter, a set of default

valuesisset automatically.These parameters and theirdefaultvaluesare shown
inTable 5.
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TABLE 5 Automatic Default Values for Given Parameters

Parameter Value Parameter Value

GX 0.0 GY 0.0
THO 0.44 MHUG 1.82 x I0-4
TEMPO 300.0 PHI 0.86
ROLCI 2.611 DIAP 0.0503
ROLC2 0.0 THSTAR 0.19
ROLC3 0.0 OMEGA 1.0
ROGCl 0.0 DOMEGA 0.95
ROGC2 0.0 EPSL 0.005
ROGC3 2.87 x 106 EPSG 0.0005
LAMGB 2./3. MUG 1.82 x lO-4
LAMLB 2./3. MUL 1.0
IDRAG 0 IPRES 0
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S SAMPLE PROBLEM FOR A FLUIDIZED BED

The geor_etry of the sample .......
problem given here for a flutdized bed i(i,i4i ..... (33,14
is shown In Fig. 20. The computa- "DUMMY" Cells
tional region is 19.885 cm wide, 58.44 I(2, 13) ..... (32_3)
cm high. The cell dimensions are Ax
= 6x = 0.635 cm and by = 6y = 4.87 ore,
so that the number of computational
cells is 31 In the x direction and 12 In

the y direction, for a total of 372. In
the figure, the numbers in parentheses 6 Cells
refer to key cell numbers (l,J).
Symmetry about the central Jet is

assumed; hence the actual bed width Line of
is 39.37 era. (In previous modeling Symmetry_
work without an obstacle, '_ symmetry InitialBed Height
was assumed, and the agreement with f'
experimental data was good.) The jet (2,7) (32,7)

half-width is 0,635 cm (one cell = 31 Cells-------
width). The jet velocity is 578 cm/s, Ax = 0.635 cm
and the secondary air velocity of 26.0 Ay = 487 cm

cm/s maintains the bed without a jet 974 cmat minimum fluldlzatlon. The particle Obstacle --_
diameter is 503 um, and the density is (2 Cells) 6 Cells
2.44 g/cm 3, The obstacle is placed
two nodes above the jet and is two 127 cm
nodes (1.27 cm) wide by two nodes (2 Cells) _'-
(9.74 era) high. Because the initial
bed height is 29.22 em (six cells high),
the obstacle lies completely within Jet 1/2 Width = ) (32,2!
the bed. Although this configuration 0.635 cm _" "DUMMY" Cells
is not typical of FBC geometries, it |(1.1) 133,1)
was selected because (1) it is similar

to the model without the obstacle, so FIG_ 20 FLI.TFIXSample
that prior experience is relevant, and l_rvblem_rnetry
(2) it serves to further validate the
hydrodynamic model.

The boundary conditionsare describedhere. At the inlet(J = 2),the axialgas

velocityof 26.0 cm/s isset equal to the minimum fluldizationsuperficialvelocityas
computed from the Ergun equation (withsolidsvelocityset to zero),usingan assumed

gas volume fraction at minimum fluidizatlon,Cmf, of 0.42. Because no solidsare
entering,the inletporosityis set to 1.0. The pressuresin the dummy cellsat the top

(J = 14) are set equal to atmospheric pressure(1.013x 105 Pa),and Vs = 0 at the exit
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(J = 13); that is, wire mesh is simulated to prevent solids oar_,-over. The pressures in
the bottoI_, row of dummy cells (J = 1) ere set equal to atmospheric pressure plus 1.2
times the total bed weight (1.0549 x 10" Pa). On all solid surfaces except the inlet,
outlet, and line of symmetry, no-slip boundary conditions are used (i.e., normal and
tangential velocities for each phase are set equal to zero). Free-slip boundary conditions
are used along the 1 ne of symmetry and at the Inlet and outlet, initially, the radial gas
velocity ts zero, the axial gas velocity is equal to the interstitial gas velocity at
minimum fluldizatton, and the solids radial and axial veloelties are zero. The bed
porosity is uniform at 0.42. The initial pressure distribution corresponds to the
hydrostatic bed height. At time, t, greater than zero (0+), the gas flow through the Jet Is
increased to 578 em/s. A fixed-time stop of 0.1 ms Is used. Typical running time on an
IBM 3033 computer is approximately one hour for each second of transient time and
approximately four times faster on a CRAY-XMP.

Beoauseall the printout is in ogs units, conversion factors for ogs-to-SI units are
given in Table 6.

The input data file for the sample TABLE 8 Conversionfrom CG8 to
problem is given in Table 7, andthe output Sl Units
in Table 8. in the latter, the problem
input and the oell types are first j ....

summarized. The time-zero initialization
,, Quantity Sl Unit CGS Unitbeginswith the llne"Cycle = 0 . . .

(secondpage of the table). The time-zero ....................

printout is followed by a printout of every Density 1 kg/m3 103 g/cm3
cycle, together with the number of

Iterations and the time remaining for the Length 1 m 100 cm
job tn CPU seeonds. At 0.01 and 0.02 s,
the solids massbalance Is printed out. At Haas 1 kg 103 g
0.02 s, the major code variables are
printed out. Pressure 1 Pa 10 dynes/cm2

The only dtfferenoes between the
input for the standard problem in
FLUFIX/MOD2 and FLUFIX/MOD119 is
setting the initial porosity THe to 0.42
(vs. 0.44) and THSTAR = 0.42 (vs. 0.384).
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TABLE7 FLUFIX__ Problem Input Data File
{

Line No.
1 GLASS BEN_S, JET 5.78M/S, SECONDARY 26.0 Ca/S
2 1000. /cpstop
3 33, 14 /IS2, Jl2
4 1.0,1.0,1.0,1.0 /SCALE (1"4)
5 0,0.635,4.87,29.22 /ITC, DX, DZ, SMITE
6 5,5,2,2 /KFLIN (1-4)
7 0.0,0.635,0.635,19.685 /FLO(I'4)
8 0.0,0.0,0.0,0.0 /rLO(S-8)
9 7,7, 3, 3 /KrLOUT (1-4)
10 0.0,19.685,19.685, 19.685 /FLO(9-12)
11 0.0,0.0,0.0,0.0 /FLO (13"18)
12 0,0,0,1 /NSL(1-4),(0:FREE-I:NO) SLIP
13 1, 0 /NO (NUMBER OF OBSTACL_S),MrFLAG
14 1,0.0,1.27, 9.74,19.48 /NSO(NO) (0 :FREm-I :NO) SLIP,OB(1-4,NO)
15 0.0, 26.0, 1013000.0,0.42,298.0, "g80. 621 /UO, VO, PO, THO, TEMPO, GY
16 0.0,578.0, 1054880.0, I.0,298.0 /UINBL, VINBL, PINBL, THINBL, TINBL
17 0.0,26.0, 1054880.0, 1.0,298.0 /UINBR, VINBR, PINBR, THINBR, TINBR
18 0.0,0.0, 0.0,0.0, 0.0 /UINLB, VINLB, PINLB, THZNLB, TINLB
19 0.0, 0.0,0.0, 0.0, 0.0 /UINLT,VINLT, FINLT, THINLT, TINLT
20 i,0,0,0, 0 /ITD (RESTART) ,NTD,NSDMP, NFILE, NWDMP
21 0.0, 0,005, 0.00005, 0 /TIME, TSTOP,DT,CYCLE
22 2,0.005,0.020, 0.02 /LPR, TPR, TPL, TPLD
23 2.44, 0.0, 0.0 /ROLCI, ROLC2, ROLC3 ROS"ROLI+ROL2+P*ROL3/T
24 O. 0,O. 0,2870000.0 /ROGI, ROG2, ROG3 ROG,ROGI+ROG2+P/ROG3/T
25 1.0,0.0503,0.000182 /PHI, DIAF, MMUG
26 0.19, 1.0, 0.95, 0.0005, 0.0005 /THSTAR, OMEGA, DOMEGA, EPSG, EPSL
27 600.0, 0.420 /SLOPE, THZERO
28 0.000182, 1.0, 0.667, O. 667 /MUG, MUL, LAMBG, LAMBL
29 0,2, 0.0 /IPRES, IVG,GX
30 i,0 /IDRAG, ISLIP
31 / *************************************************************
32 / IPRES - 1 ILL POSED MODEL (MODEL A)
33 / IPRI_S., 0 WELL POSED MODEL (MODEL B)
34 / IDRAG - 0 VECTOR BETA (FLUID-PARTICLE DRAG)
35 / IDRAG .. 1 SCALAR BETA
36 / GTH .,EXP (( THZERO- TH(IJ) ) * SLOPE) ELASTIC MODULUS
37 / IVG .. 1 VG(IJ).,VO/TH(IJ)*PIN/P(IJ), VS-IN - 0.0
38 / IVG - 2 VG(IJ)-VO/TH(IJ) VS-IN - 0,0
39 / MMFLAG.. 0 UG(IJ) -U0, VG(IJ) = V0
40 / MMFLAG- 1 WGY CALCULATED AT _NLET WGY ..RHOIN * VINL
41 / VG-WGY*2/(RGH (J)+RGH (J+l)), UG.,0.0
42 / MMFLAG,. 2 WGY CALCULATED FROM MINIMUM FLUIDIZATION
43 / VELOCITY, PINL = BED WEIGHT * 1.2, THINL'I.0
44 / NSL, NSO"0 FREE SLIP
45 / " , " "i NO SLIP
46 / BHITE INITIAL BED HEIGHT (CM)
47 / ITC "0 CARTESIAN COORDINATES
48 / ITC -I CYLINDRICAL COORDINATES
49 / ITC -2 SPHERICAL COORDINATES
50 / ISLIP -0 PARTIAL SLIP CONDITION NOT ACTIVATED
51 ISLIP -1 PARTIAL SLIP CONDITION ACTIVATED
52 / ***************************************************************
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NOMENCLATURE

C Characteristic direction (m/s)

Cd Drag coefficient (see Eq. 3.11)

(aP/1/2
Cg Speed of sound in gas, "a'-pp'T (cm/s)

c Compaction modulus

Dg Residue of gas continuity equation, Eq. 5.19 (kg/m 3)

dp Particle diameter (m)

G Solids elastic modulus (Pa)

g Acceleration due to gravity (m/s 2)

Kx,Ky Drag coefficient between gas and solids phases, equivalent to 8x and By.

L Mean Free Path, m

P Pressure(Pa)

Rey Reynoldsnumber of solidsparticle(Eq.3.12)

r Radialcoordinate(m)

T Temperature (K)

t Time (s)

Ug,U s Gas and solidsphase velocitiesin the x or r direction,respectively(m/s)

Vg,Vs Gas and solidsphase velocitiesinthe y or z direction,respectively(m/s)

x Lateralcoordinate(m)

y Axial coordinate(m)

z Axialcoordinate(m)
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Greek Symbols

aP
8g (_--ff-)(m2/s2)

g

_A,_B Fluid-particle friction tensors for hydrodynamic models A and B,
respectively

8A,x,SA,y Fluid-particle friction coefficients in the x and y directions for
and hydrodynamic models A and B, respectively (kg/(m3.s))

8B,x'SB,y

_t Time-step size (s)

_x, ax Cell size in Cartesian coordinates (x,y)

_y, ay Cell size in Cartesian coordinates (x,y)

_r Cell size in cylindrical coordinates (r,z)

_z Cell size in cylindrical coordinates (r,z)

c Gas-phase volume fraction (porosity), equivalent to e

es Solids-phase volume fraction = (1 - E)

e* Compaction gas volume fraction

_s Sphericity of solid particles (shape factor), 0 < d_s< 1

T Solids stress, related to particle-to-particle pressure (Pa)

_kv Viscous stresses, (pa) k=s,g

Ug Gas viscosity (Pa.s)

_s,Dg Solids- and gas-phase microscopic densities, respectively (kg/m 3)
I !

Ps' Pg Solids- and gas-phase macroscopic (P3arttal) densities, respectively;
p_ = Ps(1 - _)and pg = 0ge(kg/m )

0 Gas-phase volume fraction (porosity), equivalent to



95

Indexes and 8ubacr|pts

g Gas phase

i or I Cell index in x or r direction

j or J Cellindexiny or z direetion

Jt Liquid phase

n Indexfor time step

s Solids phase

x x-direction

y y-direction
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APPENDIX A:

STABILITY CONDITIONS FOR THE FLUFIX/MOD1 NUMERICAL SCHEME

A.1 NECESSARY CONDITIONS FOR STABILITY

Numerical solution of sets of transient two-phase equations usually requires the
use of K-FIX-type computer codes. In these initial-value problems, information is
usuallyprovided from the boundary and initialconditionsand propagates to the inner

computational domain, provided that the characteristicsof the numerical scheme are
real. Hence, obtaininga satisfactorynumericalsolutiondepends on whether information
propagateson realpaths from time t to t + 6t;every iterationat a new time level,t + 6t

may be consideredas a new initial-valueproblem startingfrom time t. A necessary

condition for numerical stability is that the numeric81 characteristics be real.

As noted by Lyezkowski, Gidaspow, and Solbrig, 40 the validity of two-phase flow
models depends essentiaUy upon their mathematical well-posedness. For example, the
annular flow model with the pressure drop in the two phases, without the solids pressure
term, leads to a mathematically unstable solution, because of the existence of imaginary
characteristic directions. However, this model can still be solved numerically with an

appropriate numerical strategy. Such a strategy was developed by Harlow and Amsden 20
and modified by Rivard and Torrey 2 in the K-FIX code, which was transformed, for the
treatment of solids-gas systems, to the FLUFIX code. In this appendix, we show that the
numerical characteristics of the FLUFIX code are real, because the spatial acceleration

terms (momentum fluxes) are kept at the old time level. Thus, this code can compute
very reasonable solutions for a large variety of two-phase-flow problems.

We denote the iterative variables as tilde variables _, P, Vg, and Vs" Non-
tilde terms, such as explicit convective terms, are lumped into the right-hand sides of
the equations. The numerical equations for one dimension can be formulated as follows:

+ = 0 (A.1)at ax

aCsOs a( s sVs)
+ = 0 (A.2)at 8x

80 Vgeg + _ a_ 3¢ p V V
--= _ $ $ g - g(V - V ) + e Ogg (A.3)at g ax ax g _ g

VV

a0sVsCs + _ aP aEs°s s s _ _(_ - _ ) + sg + C aeat s a---_= ax s g es0 a'-'_ (A.4)
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As specified above, the explicit convection terms of the momentum equations
are written on the right-hand sides of the equations. This numerical system can be

written with the following matrices, A t and A x, as

a0 a0 Explicit convective terms + F(_Cg,_Cs,C,P) (A.5)At Tf + Ax a-_=
I

whereO= (_, _, _ , _s ) and where"g

-2 0 0
;g ;gcg
,v

0 0 0

At = 0s (A.6)

0 _g_g 0o o _
s s

and

/Og_/g ; C-2 P ~ ~ 0
g g g CgOg

'0 sVs 0 0A = Cs° (A.7)
x . o ; o 0

\o ~g
c 0 0

s

The characteristics ;kof this system are obtained by solving

det(Atk + Ax ) = 0 (A.8)

which yields the polynomial f(X):*

= g) )X_g0sC-2f(X) (_ + V [(X + Vs g - Espg] - _gPs(X + Vs) = 0 (A.9)

where X = 0 is a trivial solution consistent with det(A x) being zero, since the two last
rows of Ax are linearly dependent. Equation A.9 can be written as follows:

f(/) = X(X + V )(X + V )C - a(),+ V ) - b(),+ V ) = 0 (A.10)
g s g s

*For convenience,the tildesare omitted from thispointon.
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where:

a = ¢s0g (A.11)
!

b = ¢80 s (A.12)

C = ¢gOgC;2 (A.I_)

For a mixture of incompressible phases, Eq. A.9 gives (for C = 0):

Vgpge + Vs0 ¢9), = _ s ..........s (A.14)
0g¢ s + 0seg

Equation A.14 clearly shows that the characteristics, )., are real for the ease of a
mixture of incompressible phases, and it thereby satisfies our preliminary necessary
condition for stability. It is possible to show that the numerical characteristics are also

real for the case of a mixture of a compressible fluid and solids at subsonic flows. For

the case of a dilute mixture (¢g-_ I), the characteristic directions are real and can be
expressed as

-Vg_+ Cg [(Vg/Cg) 2 + 4] 1/2

= 2 (A.15)

and

_,= -V (A.16)
S

At low gas velocity, the three characteristic directions remain real, as follows."

x1, 2 -V + C (A.17)g- g

and

X3 = - Vs (A.18)



104

meaning that, in a dilute gas-solids mixture, information propagates at the speed of
sound and at solids velocity. Evidently, this is the case for the pressure, P, and the
voidage, ¢.

In the general case, the characteristic polynomial f().) is of third order in )`, so

that there exists at least one real characteristic root )'1" We shall show that the second
and third roots of this polynomial are real for subsonic compressible flows. Equation A.9
can be written as follows:

f()`)= C(X - )`I)()`2 + a) +̀ 8) (A.19)

By identification with Equation A.9, one can show that:

- = + V (A.20)
a )`I Vs g

8 - a_,1 = V V - (a + b/C) (A.21)sg

For mixtures at low pressure (C = o_), f has three real roots, which are 0, Vs, and Vg. In
the general ease, the two other roots of Eq. A.19 are real if the following condit|on is
satisfied:

2
a > 4B (A.23)

where:

S = (lI + V )(V + _ ) a + b (A.24)s g i C

To verify this condition, we should realize that 1/C at ambient conditions is of the order

of C2 so that (a + b)/C is roughly equal to (ps/Og)C 2 From Eq. A.10, the solutiong, g"

domain is the intersection of a cubic having the three roots 0, -Vg, and -Vs and an

increasing straight line that intersects the x axis between -Vg and Vs. Consequently, the

root _1 is necessarily bounded by 2Cg for subsonic flows. Hence, 8 is almost always

negative, and thus the condition of Eq. A.23 is verified. As a result, the numerical

characteristics of Eqs. A.1-A.4 are real for subsonic flows. Other evidence, based on

Fig. A.1, may be given graphically. This figure shows the plot of a cubic (first term of
Eq. A.IO)and a straightline(secondterm of A.IO)vs.thecharacteristicvelocity,)..
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-Vg

-V I

fmox(_,)=p,(),+V,)

FIGURE A.1 Geometrical Determination of the Three Real

Characteristic Roots

As the cubic,away from itsroots(-Vs,Vg, 0),grows fasterthan the linearterm,
Eq. A.IO has two real roots,which are largerin absolutevalue than the rootsof the
cubic. The dilute case (¢ + 1) is represented by the straight line with a maximum

slope. In this case, the largest absolute values of these roots are C8) ± Vg. This figure
shows also that the roots Xi are bounded by 2Cg for subsonic flows.

In a homogeneous mixture of incompressible phases (Vs = Vg = V), the information
is advected at a velocity V. Courant, Isaacson, and Rees44 showed that an efficient
numerical scheme to this problem is the cell donor technique. Since then, this technique
has been popular in the literature and has been used under various labels and different
rationales. It is commonly called the method of upwind differencing, which was called by
Frankel a "unidirectional flow technique "45 a',ld by Gentry, Martin, and Daley a "donor
cell mass differencing. "46 This techniquo possesses the fundamental transportive
property that maintains the integral kinematic property of the continuum solution, as
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illustrated below, in this method, the information ts advected into a cell only from those
cells that are upstream and, conversely, information is carried from a cell to cells
downstream. The convective terms are finite-differenced as followst

f

i+l,j (u¢) /Ax for u _ 0

(6(u¢)n (uc)n - _,j (A.25)_x ) =
i,j (u¢)_ - (u¢)n,j i.l,j/_x for u _ 0 (A.26)

Courant, isaaeson,and Rees44 demonstrated the essentiallinkof the upwind
differencetechniquewith the method of characteristics.As noted above, thisscheme

possessesthe fundamental transportiveproperty (i.e.,the effect of a perturbationis

adverted only in the directionof the velocity).For example, ifthere isa disturbance,
e = 8,at i= m + 1,the accumulationterm downstream of theperturbation(i= m + I),for
(U > is-U_/Ax,and itis0 upstream of the disturbance,in otherwords,we have:

_¢ = I__6/Ax i = m + I (A.27)
('_)i,j i = m, m - I (A.28)

The perturbationpropagates downstream in the velocity direction,and the
scheme issaidto be transportative.The disturbancedoes not propagate upstream. In
our case, inspectionof the finite-differencescheme shows that the FLUFIX scheme is

transportative.In addition,the scheme isconservative,because it satisfies,at every

instantand location,Gauss'sdivergencetheorem.

In conclusion,where numerical oharaeteristicsare real, a finlte-differenoe

scheme of the FLUFIX type can lead to an acceptablenumericalsolution,providedthat

the stability(inthe sense of yon Neumann stabilitytheory)issatisfied.However, itis
important to keep in mind that the numericalsolutiondoes not strictlyconverge in the

limit (Ax, At * 0), because the mathematical problem remains ill-posed.Fortunately,
in most engineeringproblems we are not interestedin havingthe limitingsolution,which
would require an enormous computational effort. Also, a fullyimplicitscheme is

unlikelyto be successful,because the characteristicdirectionsare imaginary.

A.2 STABILITY CRITERION

The classicalapproach consistsin applying the yon Neumann technique by
linearizlngthe system and assuming a Fourierdecompositionof the variableU (inone
dimension)such that

U = T(k) exp([k_x) (A.29)
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where k = _/(nAx) and n = 1_ 2p ..., N. The amplification matrix, Tp has its eigenvalues_
which depend on B, the drag coefficient (shown to be the major cause of instabilities in
many two-phase-flow finite-difference sehemes43_47). To ensure numerical stabllity_
their eigenvalues should have their modulus smaller than 1. Prosperetti analyzed a

simplified one-dimensional version of the present numerical scheme for Hydrodynamic
Model A. 43 We refer interested readers to that work for the details_ which involved
much algebra9 even for the simplest ease.
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APPENDIX B_

FLUFIXJMOD2 FORTRAN SYMBOLS AND DEFINITIONS

In the following list of Fortran symbols, the array quantities are indicated by an

index. They are all part of a common block. The array dimensions of most of them need

to be changed when the input data file is changed. The indexes shown in the following

table and the respective array dimensions to be used are_ I. IB2 and IJ _ IB2 • JB2. The

rest are left unchanged unless otherwise specified.

Fortran

i iSymbol Def n lion

1

ABETA (IJ) (_).., computed in BETAS and ITER
g t3

BHITE 7nput date line No. 5

C(IO0) Storage for constants initialized in SETC !

CONV(IJ) Convergence criteria computed in BETAS

CPSTOP Input date line No. 2

CYCLE The calculation cycle at which to bein, read in
line No. 20 + N

DG (D) _ mass residue of the gas phase defined in Eq. 5.20a
g i,j

DIAP dp, particle diameter, cmp input data line No. 24 + N

DR 6r, read in llne No. 5

DT 6t, read in line No. 20 + N

_t
DTODR

6r

6t
DTODZ

6z

DTORBDR (I) 6t

ri+½6r

DTORDR (I) 6t
r.6r
i
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DZ 6z, read in line No. 5

D1,D2,D3 Values of Dg (see Fig. 16)

EPSG Convergence parameter, read in llne No. 25 + N

EPSL Convergence parameter, read in line No. 25 + N

FL(IJ) Input data line Nos. 7, 8, 10, and Ii

FLO(M) Input data line Nos. 7 and 8

GX gx, input data line No. 14 + N

GY gy, input data line No. 28 + N

I i, computing mesh column index

IB Number of cells in the radial direction,

excluding the two fictitious columns! IB = IB2-2

IBI IBI = IB2-1

IB2 Total number of cells in the radial direction,
read in line No. 3

IDRAG Read in line No 29 + N

IJ Index of quantities for cell (i,j)! IJ = I + (J-l).IB2

IJB Index of cell-centered quantities associated with cell

i,j-l! see PROG

IJBR Index of cell-centered quantities associated with cell
(i+l,j-1)| see INDEX

IJL Index of cell-centered quantities associated with

cell (i-l,j); see PROG

IJM Index of cell (i,j-l)

IJP Index of cell (i,j+l)

IJR Index of cell-centered quantities associated with

cell (i+l,j); see PROG

IJRR Index of cell-centered quantities associated with

cell (i+2,j); see INDEX

IJT Index of cell-centered quantities associated with

cell, (i,j+l); see PROG

IJTL Index of cell-centered quantities associated with

cell (i-l,j+l); see INDEX
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IJTR Index of cell-centered quantities associated with
cell (i+l,j+l)! see PROG

IJTT Index of cell-centered quantities associated with
cell (i,j+2)! see INDEX

IMJ Index of cell (i-l,j)

IMJM Index of cell (i-l,j-l)

IPJ Index of cell (i+l,j)

IPJM Index of cell (i+l,j-1)

IPJP Index of cell (i+l,j+l)

IPRES Read in line No. 28 + N

ISLIP Read in line No. 29 + N

ITC Read in llne No. 5

ITD Read in llne No. 19 + N

IVG Read in line No. 28 + N

J j, computing mesh row index (z direction)

JB Number of cells in the axial direction,
excluding the two fictitious rows JB = jB2-2

JB1 JB1 = JB2 - 1

JB2 Total number of cells in the axial direction,
read in line No. 3

KDRAGX(IJ) r component of gas-sollds friction

KDRAGY(IJ) z component of gas-sollds friction

KFLIN,KFLOUT Read in lines Nos. 6 and 9, respectively

LAHBG Viscosity coefficient, input data line No. 27 + N

LAHBL Viscosity coefficient, input data line No. 27 + N

HHUG Viscosity of gas used in the interphase drag, input data
llne No. 24 + N

MUG Viscosity of gas used in viscous stress, input, data
line No. 26 + N

MUL Viscosity of solids used in viscous stress, input data
line No. 26 + N

NAME(M) Input data line No. I
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NIT Iteration counter used |.n ITER

NO Input data line No. 13

NSL(M) Input data line No, 12

NSO(bi) Input data line No. 13 + N

OB(M,N) input data line No. 13 + N

P(IJ) Pressure in cell (i,j)

PHI _s' the shape factor, input data line No. 25 + N

PINB Input data line No. 17 . N

PINL Input data line No, 15 + N

PINR input data line No. 16 + N

PINT input data line No. 18 . N

PO Input data line No. 14 + N

P1, P2, P3 Values of pressure (Fig. 16)

R(I) ri, radial coordinate of the center of cell (i,j)

RAGS C-2
g

RB(1) ri+_, radial coordinate of the right boundary of cell (i,j)

I
RDR 6"_

RDR2 1
(6r) 2

RDZ 1
6z

RDZ2 l

(6z) 2

RGFR(Ij) Flux of CgOg across the right boundary of cell (i,j)

RGFT(J) Flux of CgOg across the top boundary of cell (i,j)

RCP(IJ) (_ o )n+ 1
g g i,j
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RGPN(IJ) (iS08) nl,j

RL Oat sollds density

RLFRL(IJ) Flux of cs0s across the rlght boundary of cell (i,j)

RLFTL(IJ) Flux of caps across the top boundary of cell (i,j)

)n+l
RLP(IJ) (¢sOs i,j

)n

RLPN(IJ) (¢sOs i,j

ROG(IJ) (0g)n+l

RRS(1) ---!Li'j
ri._

I
RRIDR

ri6r
n

n

_VO(IJ) n
_i,j+_

RVL(IJ) _)n i,j+_

SCALE(4) Input data line No. 4

SLOPE Input data line No. 26 + N

SUGB (ergrz)i+_,j. _ Product of void fraction and shear
stress used to compute gas radial
momentum

SUCC Product of void fraction and azi-
(e_g¢#)i+_tJ: muthal stress used to compute gas

radial momentum.

SUGL Product of radius, void fraction,
(rO_grr)i_J and radial stress used to comput,.

gas radial momentum.
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SUCR (rO_grr)i+ 1 Same as SUCL, but evaluated at'J mesh location i+l,j.

Same as SUCB, but evaluated atSUCT
(9_srz)i+_'3._" mesh location i+_,j+_

Same as SUCB, except for the
SULB [(l'O)_rz]i+_'J'_ solids.

_] Same as SUGC, except for theSULC [(I-8)_ i+_,j solids.

Same as SUGL, except for the
SULL [r(l-O)_Lrr]i, _ solids.

SULR [r(l-6)_Lrr]. + Same as SUGR, except for thet l,j solids.

Same as SUGT, except for the
SULT [(l'O)_Lrz]i._'J+_ solids.

Product of void fraction and axialSVOB
(B_gzz)i'J" stress used to compute gas axial

momentum.

SVCL (r6_grz)i__,j+_ Product of radius, void fraction,and shear stress used to compute
gas axial momentum.

SVOR (rS_gzz)i+_,.+_J Same as SVOL, but evaluated atmesh location i+_,j+_.

SVOT (eTgzz)i,_+ij Same as SVGB, but evaluated atmesh location i,j+l.

Same as SVGB, except for the
SVLB [(1-e)_zz]i, j solids.

Same as SVOL, except for the
SVLL [r(l-8)'_rz]i'_'J+_ solids.

Same as SVOR, except for the
SVLR [r(l-e)_rz]i+_'J+_ solids.

Same as SVGT, except for the
SVLT [(i-e)T_zz]i,j+l solids.

TEMPINB Input data line No. 17 + N

TEMPINL Input data line No. 15 + N

TEMPINR Input data line No. 16 + N

TEMPINT Input data line No. 18 + N
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TEMPO Input data line No. 14 + N

TG Gas temperature

TH(IJ) (¢)n+1

g i,j

THINB Input data llne No. 17 + N

THINL Input data line No. 15 + N

THINR Input data llne No, 16 + N

THINT Input data line No. 18 . N

THN(IJ) (¢)n , previous time step porosity
g i,j

THO Input data line No. 14 + N

THSF(IJ) Cell flag to indicate whether the pressure iteration should

be based on the liquid continuity equation, THSFI, j = l, or

on the gas continuity equation, THSF i,j = 0. THSF i,j
n , n

is set each cycle as I if 8 <8 or as 0 if 8 me*.

i,j i,j

THSTAR 8*, input data line No. 25 + N

THZERO _o' input data line No. 2? +N _

TIME Input data line No. 20 + N

TPL Input data line No. 21 . N
t

TPLD Input data llne No. 21 + N

TPR Input data line No. 21 + N

TSTOP Input data line No. 20 + N

UG( IJ) (U)n

g l+½,j

UGFB(1) Radial momentum flux for the gas across the bottom

boundary of the momentum control volume centered

about the point i+½,j
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UCFL Radial momentum flux for the gas across the left

boundary of the momentum control volume (described

above)

UGFR Radial momentum flux for the gas across the right

boundary of the momentum control volume (described above)

UGFT Radial momentum flux for the gas across the top

boundary of the momentum control volume (described
above)

UINB Input data line No. 17 + N

UINL Input data line No. 15 + N

UINR Input data line No. 16 + N

UINT Input data line No. 18 + N

UL(IJ) (U)n

s i+½,j

ULFB(1) Radial momentum flux for the solids across the bottom

boundary of the momentum control volume centered

about the point i+½,j

ULFL Radial momentum flux for the solids across the left

boundary of the momentum control volume (described above)

ULFR Radial momentum flux for the solids across the right

boundary of the momentum control volume (described

above)

ULFT Radial momentum flux for the solids across the top

boundary of the momentum control volume (described above)

UO Input data line No. 14 + N

VG(IJ) (Vg)n
i,j+½

VGFB(1) Axial momentum flux for the gas across the bottom

boundary of the momentum control volume centered

about the point igj+½

VGFL Axial momentum flux for the gas across the left

boundary of the momentum control volume (described

above)
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VGFR Axial momentum flux for the gas across the right

boundary of the momentum control volume (described
above )

VGFT Axial momentum flux for the gas across the top

boundary of the momentum control volume (described

above)

VINB Input data line No. 17 + N

VINL Input data line No. 15 + N

VINR Input data card No. 16 + N

VINT Input data card No. 18 + N

VL(IJ) (V)n

s i,j+_

VLFB(IJ) Axial momentum flux for the solids across the bottom

boundary of the momentum control volume centered

about the point i,j+½

VLFL Axial momentum flux for the solids across the left

boundary of the momentum control volume (described

above)

VLFR Axial momentum flux for the solids across the right

boundary of the momentum control volume (described

above)

VLFT Axial momentum flux for the solids across the top

boundary of the momentum control volume (described

above)

VO Input data line No. 14 + N



Notice

The FLUFIX/MOD2 Computer program may be obtained from:

Energy Science and Technology Software Center
P. O. Box 1020
Oak Ridge, TN 37833

Telephone (615) 576-2606
FAX (615) 576-2865
E-maiI:ESTCS@ADONIS.OSTI.GOV
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